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ABSTRACT
Chapter 1:
The synthesis of tridentate ligands (2-RNH-C 6H4)20 is presented where R = C(CD 3 )2 Me,
TMS, and 'Pr. The sequential reaction of (2-NH 2-C6H4)20 with acetone-d6, MeLi and H2 0
yields [2-Me(CD 3)2CNH-C6H4]20 [H 2(tBu-NON) la]. Deprotonation of (2-NH 2-C6H4)20 with
BuLi followed by reaction with TMSCl affords (2-TMSNH-C 6H4 )2 0 [H 2(TMS-NON), 1b].
Reaction of (2-NH 2-C6H4)2 0 with zinc and acetone in acetic acid affords (2-iPrNH-C 6 H4)2 0
[H 2(iPr-NON), 1c]. The synthesis of the unsymmetric derivative [2-Me(CD 3)2CNH-C6H4]O[2-
Me(CD 3)2 CNH-4,6-Me 2 -C6H2 ] [H 2 (tBu-NON*), id] is analogous to that of la. Compounds
la-c react with TiCl2 (NMe2)2 to give LTi(NMe2 )2 (L = tBu-NON 2a, TMS-NON 2b, iPr-NON
2c) which are converted with TMSCI to LTiCl2 (L = tBu-NON 3a, TMS-NON 3b, 'Pr-NON 3c).
Alkylation of 3a-c with MeMgX affords LTiMe 2 (L = tBu-NON 4a, TMS-NON 4b, iPr-NON
4c). 4a-c are C2v symmetric in solution (1H NMR). The moderately stable diisobutyl complex
(iPr-NON)TiiBu 2 (5) is prepared from 3c and iBuMgCl. The dineopentyl complex (iPr-
NON)TiNp 2 (6) is prepared from 3c and NpMgCl. The X-ray structures of 4a and 5 show two
different coordination geometries of the NON ligand. Both 4a and 5 are trigonal bipyramidal in
the solid state. In 4a the tBu-NON ligand adopts afac-type structure with one methyl group in the
axial position trans to the ligand oxygen atom and the other methyl group in the equatorial plane.
In 5 the iPr-NON ligand adopts a mer-type structure with the oxygen atom and the two isobutyl
groups in the equatorial plane. Since 4a is C2v symmetric on the NMR time scale in solution a
rapid fluxional process is proposed which interconverts the methyl groups via an intermediate or
transition state in which the tBu-NON ligand adopts a mer-type geometry. Complex 5 cleanly
reacts with PMe3 in the presence of dinitrogen (1 atm) to generate the dinitrogen complex [('Pr-
NON)Ti(PMe 3)2]2 (g-N 2) (7). An X-ray structure of 7 revealed that the dinitrogen ligand is
substantially reduced as indicated by a relatively short Ti-(g-N 2 ) bond and a relatively long N-N
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bond. In the absence of dinitrogen 5 reacts with DMPE to give (iPrN-C 6H 4 )(iPrN-
C6H40)Ti(dmpe) (8) which is proposed to be the formal product of an oxidative addition of an
aryl oxygen bond to a titanium(II) center. Upon thermolysis 6 reacts with PMe3 to give the
octahedral neopentylidene complex (iPr-NON)Ti(CHCMe 3)(PMe3)2 (9). The alkylidene proton of
9 is agostically activated as indicated by a low JCH coupling (80 Hz) and a Ti-CH-CMe 3 angle of
~1790.
Chapter 2:
The ligands la-d react with Zr(NMe2)4 to give LZr(NMe 2 )2 (L = tBu-NON 10a, TMS-
NON 10b, iPr-NON 10c, tBu-NON* 10d). Analogously, la,b react with Hf(NMe 2 )4 yielding
LHf(NMe 2)2 (L = tBu-NON 13, TMS-NON 14). Reaction of lOa-d and 14 with TMSC
affords LZrCl 2 (L = tBu-NON Ila, TMS-NON l1b, iPr-NON 11c, tBu-NON* 11d) and
(TMS-NON)HfCl 2 (15). Reaction of 1la with Mel produces (tBu-NON)ZrI 2 (12). Alkylation
of lla-d and 15 with MeMgX affords LZrMe2 (L = tBu-NON 16a, TMS-NON 16b, iPr-NON
16c, tBu-NON* 16d) and (TMS-NON)HfMe 2 (21), respectively. Complexes 16a-c are C2v
symmetric in solution. Complex 16d is C1 symmetric in solution. It is proposed that the
fluxionality of the tBu-NON ligand is efficiently blocked by introducing sterically bulky
substituents ortho to the ether oxygen. The X-ray structures of 16a and 16c were obtained. In
16a the tBu-NON ligand adopts the fac geometry. In 16c the iPr-NON ligand adopts the mer
geometry. The dialkyl complexes LZrEt2 (L = tBu-NON 17a, iPr-NON 17b), (tBu-NON)ZrnPr 2
(18) and LZriBu 2 (L = tBu-NON 19a, 'Pr-NON 19b) are prepared from Ila and 11c,
respectively, and the appropriate Grignard reagent. Alternatively, 19b is prepared directly from
ZrCl 4 and lc in a one-pot synthesis. Complexes 17a, 17b, 18 and 19a are thermally sensitive
and decompose at room temperature in solution within hours. 17b decomposes cleanly to what is
proposed to be [(iPr-NON)ZrEt] 2 (-r1 2 :1 2-C2H4) (23). Reaction of lc with NpMgC1 affords
(iPr-NON)ZrNp2 (20). In contrast, 1la reacts with NpMgCl to give (tBu-NON)ZrClNp (22).
The reaction of PMe 3 with 17a induces what is proposed to be a f-hydrogen abstraction process
to give (tBu-NON)Zr(12-C 2H4)(PMe3)2 (24). Upon reaction with PMe 3 19b forms the stable
octahedral mono PMe 3 adduct (iPr-NON)ZriBu2(PMe 3) (25). An X-ray structure of 25 showed
lateral coordination of the PMe3. Continued heating of 19b in neat PMe 3 affords ('Pr-
NON)Zr(rj 2-CH2 CMe2 )(PMe 3)2 (26).
Chapter 3:
16a reacts with B(C 6 F 5 ) 3 to give the "zwitterionic" complex [(tB u -
NON)ZrMe][MeB(C 6F5)3] (27). The X-ray structure of 27 shows that the axial methyl group is
partially abstracted by the borane. It is believed that the cationic charge on the zirconium center can
5
be compensated for by increased donation of electron density from the axial oxygen atom trans to
the partially abstracted methyl group. The cationic complexes [(tB u -
NON)ZrMe(PhNMe 2)][B(C 6F5)4] (28a) and [(tBu-NON)ZrMe][B(C 6F5)4] (28b) are prepared in
situ by reaction of 16a with [PhNMe 2H][B(C 6F5)4] and [Ph3C][B(C 6F5)4], respectively. 27 and
28a are highly active ethylene polymerization catalysts, although the activity of 28a in
chlorobenzene is higher than that of 27 in toluene. The polyethylene produced with 28a is of
much higher molecular weight and has a more narrow molecular weight distribution compared to
that of 27. 28a is a highly active catalyst for the living polymerization of 1-hexene. At 0 'C and
-10 'C poly(1 -hexene) of up to -125000 g/mol and very narrow molecular weight distributions (
1.1) is produced. Preliminary evidence for the successful synthesis of polyethylene-block-poly(l-
hexene) is presented. Labeling studies show that the first insertion of 1-hexene occurs in a 1,2-
fashion. The cationic species [(tBu-NON)Zr(1 3CH 2CHRR')][B(C 6F5)4] (29) where R = C7H15
and R'= oligomer is prepared by addition of [Ph 3C][B(C 6F5)4] to 16a followed by sequential
addition of 13 equiv of CH2=CHC7H1 5 and 1 equiv of 13CH 2=CHC7H1 5 . 29 is detected by 13C
NMR spectroscopy at 0 'C.
Thesis Supervisor: Dr. Richard R. Schrock
Title: Frederick G. Keyes Professor of Chemistry
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Chapter 1
Synthesis of Titanium Complexes Containing Tridentate Diamido Donor Ligands
Introduction
In the last decades titanocene complexes have been extensively studied. A variety of
fundamentally important stoichiometric as well as catalytic transformations has been discovered.
In comparison, the chemistry of titanium complexes stabilized by diamido ligands has received far
less attention. Early work by BUrgeri and Andersen2 ,3 primarily dealt with the synthesis and
reactivity of dimethyl complexes of the type (R2N)2TiMe2 (R = Me, TMS). Not surprisingly, the
sterically protected TMS complex (TMS2N)2TiMe2 is far more stable than (Me2N)2TiMe2. More
recently, Gambarotta investigated titanium complexes containing two bulky dicyclohexylamide
ligands 4 ,5 , while in this laboratory, the first example of a stable diisobutyl complex,
(Cy2Ben)TiiBu2 (Fig. 1.1), was prepared. 6 The thermal stability of (Cy 2 Ben)TiiBu2 is
surprising. In related titanocene chemistry P-hydrogen containing dialkyl complexes are known to
decompose readily via P-hydrogen abstraction. 7,8
Cy Cy
B
N
I
Cy / 3\Cy
Figure 1.1. Assumed structure Of (Cy2Ben)TiiBU2-
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This chapter begins with an outline of the synthesis of a variety of chelating diamido
ligands based on 2,2'-diaminodiphenylether. Next, the synthesis and reactivity of dialkyl
complexes will be discussed. The focus will be on reactions that are well studied in titanocene
chemistry which will allow the comparison of the diamido complexes with their titanocene
counterparts.
Results and Discussion
1.1 Ligand Synthesis
2,2'-Dinitrodiphenylether was prepared according to a literature procedure9 by nucleophilic
aromatic substitution using 2-nitrophenol and 2-fluoronitrobenzene. A derivative that bears methyl
substituents ortho and para to the oxygen atom can be synthesized in an analogous fashion using
the appropriate nitrophenol as a starting material. Thus, 2,4-dimethyl-6-nitrophenol smoothly
reacts with 2-fluoronitrobenzene in DMSO in the presence of K2 CO 3 to 2,4-dimethyl-2',6-
dinitrodiphenylether in -80 % yield (eq 1). However, larger substituents ortho to the phenolic
oxygen slow down the nucleophilic substitution. For example, 2-ethyl-2',6-dinitrodiphenylether
can be prepared in moderate yield10 , but the ortho substituted t-butyl derivative is inaccessible
under these conditions. Consistent with this observation is the reaction of 2-methyl-6-nitrophenol
with 3-chloro-2-nitro toluene which was reported to afford 2,2'-dimethyl-6,6'-dinitrodiphenylether
in poor yield (~7%).11 Hydrogenation of 2,2'-dinitrodiphenylether is known to afford 2,2'-
diaminodiphenylether 1 2 in high yield, and, similarly, 2,4-dimethyl-2',6-dinitrodiphenylether
affords 2',6-diamino-2,4-dimethyldiphenylether (eq 1).
Scheme 1.1 shows the straightforward synthesis of derivatives of 2,2'-
diaminodiphenylether and 2',6-diamino-2,4-dimethyldiphenylether. Schiff bases are quantitatively
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formed with acetone-d6 in the presence of molecular sieves as the dehydrating reagent. The
condensation can be conveniently monitored by 1H NMR and is complete within 3 - 7 days. The
Schiff bases are reacted as crude materials without further purification with MeLi to produce the t-
butyl substituted anilines [2-Me(CD 3 )2NH-C6H4]20 [H 2 (tBu-NON) la] and [2'-Me(CD 3)2NH-
C6H4][2,4-Me 2 -6-Me(CD 3)2NH-C6H2]0 [H 2 (tBu-NON*) 1d], respectively. Ligands la,d can
be prepared on a multigram scale and isolated as pale orange oils in -55% yield. This sequence is
analogous to the synthesis of monodentate t-butyl anilines reported by Cummins and co-
workers. 13
F OH
NO2  R NO2  R R
K2C0 3I + K -I
DMSO
R NO2 NO2 (1)
H2, Pd/C RR
ethanol O
NH 2  NH 2
R = H, Me
The 500 MHz 1H NMR spectrum of la shows in the aliphatic region a singlet for the CH 3
protons. In addition, two small upfield shoulders are observed amounting up to ~ 50% of
hydrogen per t-butyl group. These additional resonances are also observed in ld as well as all
metal complexes and are believed to originate from scrambling of NH protons into the CD 3 groups
at the stage of the imine formation.
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R R
K0
NH 2 NH2
H2('Pr-NON) ic I1) acetone-d'6,4 A molecular sieves H2(TMS-NON) lb2) MeLi, ether
R R
0
NH
Me(D 3C)2C
HN
C(CD3) 2Me
R = H: H2(tBu-NON) la
R = Me: H2(tBu-NON*) Id
Scheme 1.1. Synthesis of H2(tBu-NON), H2(TMS-NON), H2(iPr-NON) and H2(tBu-NON*).
0I
NH
acetone, Zn
acetic acid
HN R=H
1) BuLi
2) TMSC
R=H
0
NH
TMS
HN
TMS
Addition of two equiv of BuLi to an ether solution of 2,2'-diaminodiphenylether generates
the dilithio salt. Quenching with two equiv of TMSC readily produces the TMS ligand (2-
TMSNH-C 6H4 )2 0 [H 2 (TMS-NON) 1b]. Compound lb is a white crystalline solid and can be
prepared on a -10 g scale in -75% yield.
The isopropyl derivative (2-iPrNH-C 6H4)20 [H 2 (iPr-NON) ic] is readily prepared from
2,2'-diaminodiphenylether, acetone and zinc in acetic acid. Compound ic was isolated as a pale
yellow oil in high yield on a -10 g scale. This methodology has been reported for the synthesis of
a variety of substituted anilines.14
1.2 Synthesis of Titanium Dichloride Complexes
Entry into titanium chemistry via reaction of the ligand dilithio salts with TiCl4(thf)2 did not
prove successful. Yields of the titanium dichloride complexes tend to be low and irreproducible.
However, as shown in eq 2 addition of two equiv of BuLi to a solution of H2L (L = tBu-NON la,
TMS-NON 1b, iPr-NON lc) in ether, followed by addition of (NMe 2 )2 TiCl 2 produces the
dimethylamido complexes LTi(NMe 2)2 (L = tBu-NON 2a, TMS-NON 2b, 1Pr-NON 2c).
Complexes 2a, b were isolated as orange crystalline solids in -55% yield. Complex 2c is an
orange oil and was used for further reactions as crude material.
Li2L, ether TMSC1(NMe2) 2TiCl2  -eh LTi(NMe2)2  toue1 LTiCl2  (2)
-25 0C - A toluene, I10 C
2a-c 3a-c
2a, 3a: L = tBu-NON
2b, 3b: L = TMS-NON
2c, 3c: L = Pr-NON
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The dichloride complexes LTiCl2 (L = tBu-NON 3a, TMS-NON 3b, iPr-NON 3c) are
obtained in -80% yield by reaction of 2a-c with TMSCl (eq 2). The dimethylamido groups are
selectively removed. Complexes 3a-c are deep purple/black solids that are moderately soluble in
toluene and ether. In general, iPr-NON complexes are less soluble than their tBu-NON and TMS-
NON analogs. Presumably for steric reasons 3c forms quantitatively within 24 h whereas several
days are required for complete conversion of 2a,b. Complexes 3a-c were characterized by IH
and 13C NMR spectroscopy and elemental analysis. Since X-ray analysis or solution molecular
weight studies have not been undertaken, a possible dimeric structure via bridging chloride atoms
cannot be ruled out at this point.
1.3 Synthesis of Titanium Alkyl Complexes
3a-c are smoothly alkylated with two equiv of Grignard reagents to give the dialkyl
complexes LTiR 2 (eq 3, Table 1.1) as orange microcrystalline solids. The room temperature IH
NMR spectra of (tBu-NON)TiMe 2 (4a) and (TMS-NON)TiMe 2 (4b) show one singlet for the
titanium methyl groups and one singlet for the t-butyl and TMS groups, respectively. The aromatic
region features a pattern characteristic for an ortho-disubstituted aromatic compound. The 1H
NMR data indicate that 4a,b are C2v or C2 symmetric in solution. More information about the
solution structure can be obtained from the 1H NMR spectrum of 4c; at room temperature a septet
at 6 = 5.97 and a doublet at 6 = 1.61 are assigned to the isopropyl methine and methyl protons,
respectively. The titanium methyl groups appear as a singlet at 6 = 0.94. The fact that the
isopropyl methyl groups are chemically equivalent suggests that 4c, and most likely 4a, b also,
are achiral, that is, C2, symmetric in solution.
LTiC 2 2 RMgX, -25 0C LTiR 2 (3)
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Table 1.1. Synthesis of titanium dialkyl complexes according to eq 3
LTiCl2  RMgX Solvent LTiR 2  Yield
(tBu-NON)TiCl2  MeMgI ether (tBu-NON)TiMe 2 (4a) 78
(TMS-NON)TiCl 2  MeMgI ether (TMS-NON)TiMe 2 (4b) 73
('Pr-NON)TiC 2  MeMgI toluene (iPr-NON)TiMe 2 (4c) 57
(iPr-NON)TiCl 2  iBuMgCl toluene (iPr-NON)TiiBu 2 (5) 69
(iPr-NON)TiCl2  NpMgCl toluene (iPr-NON)TiNp 2 (6) 51
Similarly, the 1H NMR spectra of 2a-c and 3a-c feature resonances of a symmetric NON
ligand and, in the case of the dimethylamide complexes 2a-c one singlet at 6 3.1 assigned to the
dimethylamide groups.
The X-ray structure of 4a is shown in Fig. 1.2. In the solid state 4a adopts a trigonal
bipyramidal geometry with the tBu-NON ligand coordinated in a facial manner. One methyl group
and the oxygen atom are mutually trans [C(2)-Ti(l)-(O) = 175.6(2) A] in the axial positions of the
trigonal bipyramid. The other methyl group shares the equatorial plane with the ligand nitrogen
atoms and is almost perpendicular to the axial methyl group [C(l)-Ti(l)-C(2) = 96.0(2)']. The Ti-
C distances are in the expected range for a titanium dimethyl complex. The oxygen atom is
coordinated weakly [Ti(l)-O = 2.402(4) A]. The sum of the angles about the oxygen atom is
~315.5' which suggests that the oxygen atom is tetrahedral. The nitrogen atoms on the other hand
are planar with Ti-N bond lengths in the range of normal titanium amide bonds. Both ligand arms
are bent out of the O-Ti-N plane in a "propeller-like" fashion presumably to minimize the steric
interaction of the t-butyl groups with the axial methyl group. As a result, 4a is C1 symmetric in
the solid state.
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C(2)
C(29) C(28)
C118)
C(27)
C(110) Tj(1) N(
C(17) C(210)
C(19) C(11) C(22)
C021)
C(16)C
C(14) C(12) C(26) C(23)
C(14)
C(13) C(25) C(24)
Bond Lengths (A) Bond Angles (0)
Ti(l)-C(1) 2.097(6) C(1)-Ti(1)-C(2) 96.0(2)
Ti(1)-C(2) 2.119(6) C(2)-Ti(1)-O 175.6(2)
Ti(1)-O 2.402(4) C(1)-Ti(1)-O 80.2(2)
Ti(1)-N(1) 1.944(4) N(l)-Ti(1)-N(2) 113.5(2)
Ti(1)-N(2) 1.936(4) Ti(l)-N(1)-C(17) 128.0(3)
Ti(1)-N(2)-C(27) 128.0(3)
Ti(1)-O-C(12) 99.6(3)
Ti(1)-O-C(26) 100.4(3)
C(12)-O-C(26) 115.5(4)
Figure 1.2. ORTEP diagram (35% probability level) of (tBu-NON)TiMe 2 (4a),
selected bond lengths and angles.
20
Since the methyl groups in 4a-c are equivalent in solution a rapid fluxional process must
interconvert the methyl groups via a more symmetric intermediate or transition state. In Fig. 1.3 a
possible mechanism for this interconversion is shown. The ligand arms twist into a conformation
such that the t-butyl groups point directly between the methyl groups. Evidence that NON-type
ligands can adopt such a conformation will be presented below. A variable temperature 1H NMR
Me Me Me
* Ti-Me TiIN N
fac mer
Figure 1.3. Proposed fluxionality of (tBu-NON)TiMe 2.
study of 4a in toluene-d8 showed significant broadening of the ligand resonances at -80 'C which
is consistent with a fluxional process. However, no distinct isomers could be frozen out indicating
that the energy barrier for interconversion of the methyl groups is low.
Attempts to isolate f-hydrogen bearing dialkyl complexes other than the diisobutyl complex
('Pr-NON)TilBu 2 (5) failed. The synthesis of the TMS analogs from 3b was not attempted as
even in the case of zirconium a complex such as (TMS-NON)ZrEt 2 could not be isolated.
Zirconium complexes typically have a higher thermal stability compared to their titanium
counterparts. Nevertheless, 5 shows sufficient thermal stability to be isolated in good yield. It can
be stored as a solid at -25 'C but slowly decomposes at room temperature. In a C6D6 solution 5
completely decomposes within - 1 day to a mixture of unidentified products. The finding that the
diisobutyl derivative 5 is more stable than the analogous diethyl derivative follows a trend that was
previously observed by Negishi and co-workers for zirconocene complexes of the type Cp 2ZrR2
(R = Et, nPr, iBu). 15 ,16 Similar to 4c, the 1H NMR spectrum of 5 shows resonances of a
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symmetric 'Pr-NON ligand with equivalent isopropyl methyl groups and one isopropyl methine
resonance. The isobutyl resonances appear as a doublet at 6 = 1.72 (methylene protons), a doublet
at 8 = 0.66 (methyl protons) and a septet at 6 = 2.03 (methine protons) indicating overall C2v
symmetry in solution and unhindered rotation about the Ti-Ca bond.
Titanium dialkyl complexes bearing P-hydrogen atoms on the alkyl groups are rare.
Ti(Cy)4 was isolated at -50 'C and reported to decompose above -30 'C. 17 Similarly, Ti(2-Nor)4
(2-Nor = 2-norbornyl) was reported to be thermally labile.18 In metallocene chemistry complexes
such as Cp2TiR2 (R = Et, nPr, nBu)7,8 decompose at low temperature and have not been fully
characterized. An exception are homoleptic titanium 1-norbornyl and 1-adamantyl complexes. 19
They are extremely robust which is believed to be in accordance with Bredt's Rule: A
decomposition pathway by P-hydrogen abstraction would generate a strained olefin and is
therefore unfavorable. An example of an isolable titanium dialkyl complexes with f-hydrogen
atoms is (CyBen)TiiBu2 (Fig. 1.1).
The X-ray structure of 5 is shown in Fig. 1.4. The coordination geometry about the
titanium center is distorted trigonal bipyramidal. In contrast to 4a the 'Pr-NON ligand in 5 is
coordinated in a meridional manner with oxygen, titanium and the isobutyl groups in one plane.
As a result of being in the equatorial plane the angle between the isobutyl groups [C(l)-Ti-C(5) =
104.6(2)0] is significantly larger than the Me-Ti-Me angle found for 4a [Me-Ti-Me = 96.0(2)', Fig.
1.2]. The phenyl groups are twisted, presumably in order to minimize unfavorable steric
interactions of the hydrogen atoms ortho to the oxygen atom. As a result, 5 is C2 symmetric in the
solid state. The Ti-O distance in 5 [Ti(1)-O = 2.149(3) A] is notably shorter than in 4a [Ti-O =
2.402(4) A, Fig. 1.2]. Also, in 5 the oxygen atom is planar whereas in 4a it is tetrahedral. The
titanium amide bonds on the other hand are only slightly longer in 5 compared to 4a (-0.05 - 0.06
A) which suggests that overall the NON ligand is more electron deficient when it adopts afac type
conformation.
The dineopentyl complex ('Pr-NON)TiNp 2 (6) is stable in the solid state and can be stored
at -25 'C. In solution (C6D6), 6 is moderately stable but decomposes completely at 50 'C within
22
C(18) (13)
C(19) C(12)
C(14)
C ( 1 7 ) 2C ( 8 ) C ( 1 1 )
C M ) 1. (3O)TC 
( 6) C (15 )
C(72 9() C( 16)-OC(6) 1583
C(5) T i (1) 0
C(26) C( )
C7) C(2) (2)
C(21) C(24)
(27) C(29) C(3) C(23)
C(4) C(28)C(2
Bond Lengths Bond Angles
Ti(1)-C(l) 2.099(4) C(l)-Ti-C(5) 104.6(2)
Ti(1)-C(5) 2.106(4) N(l)-Ti-N(2) 145.53(14)
Ti(1)-O 2.149(3) Ti(1)-O-C(16) 116.9(2)
Ti(l)-N(l) 1.993(3) Ti(l)-O-C(26) 117.3(2)
Ti(l)-N(2) 1.993(3) C(16)-O-C(26) 125.8(3)
Ti(l)-N(l)-C(17) 117.6(3)
Ti(l)-N(2)-C(27) 117.9(3)
Figure 1.4. ORTEP diagram (35% probability level) of ('Pr-NON)Ti'BU2 (5),
selected bond lengths and angles.
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10 h to a mixture of unidentified species. Initially, a new, diamagnetic species was observed as the
only decomposition product (1H NMR). The isolation of this species was not attempted, however.
For comparison, Cp2TiNp 2 can only be isolated below 0 'C and reacts cleanly at room temperature
in the presence of PMe3 to the titanium neopentylidene complex Cp 2Ti(CHCMe 3)(PMe 3).2 0
(Cy2N)2TiNp2 is another example of a room temperature stable titanium dineopentyl complex.4
1.4 Reactions of Titanium Dialkyl Complexes with Phosphines
As mentioned in the previous section, 5 decomposes slowly in C6D6 within ~1 day to give
a mixture of unidentified organometallic products. It is known that Cp 2TiEt2 , prepared in situ
from Cp 2TiCl 2 and EtMgCl, cleanly decomposes in the presence of PMe3 to the titanium(II)
complex Cp 2Ti(PMe 3)2 -21 Little is known about titanium(II) complexes stabilized by amide
ligands. In an early report by Lappert, thermolysis of titanium(III) complexes of the type
[Ti(NR 2)3]2 (R = Me, Et) yielded polymeric solids which were formulated as [Ti(NR 2)2]n on the
basis of combustion analysis data.22
The preparation of (iPr-NON)TiII complexes was attempted by reacting ("Pr-NON)TiBu 2
(5) with phosphines such as PMe3 and DMPE. Thus, 5 reacts in ether at room temperature with
PMe 3 (-4 equiv) in the presence of dinitrogen (1 atm) to give the bridging dinitrogen complex
[(iPr-NON)Ti(PMe 3)2]2(g-N2) (7), which was isolated in 61 % yield (eq 4). The isolated yield of
7 is about the same regardless of whether the reaction is performed in the dark or in the presence of
light. Complex 7 contains one molecule of ether in the lattice which is readily lost in vacuo.
However, under vacuum a new diamagnetic species (1H NMR) different from 7 cleanly formed
which has not been isolated. It is therefore not clear at this point whether the dinitrogen ligand is
easily removable under vacuum. Complex 7 was characterized by NMR spectroscopy as well as
combustion and X-ray analysis. The 1H NMR spectrum shows sharp ligand resonances with
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equivalent isopropyl methyl groups and one doublet at 6 = 0.88 (JpH = 3.5 Hz) assigned to PMe 3-
The 3 1P NMR shows a singlet at 8 = -37.6 indicating that the PMe 3 is coordinated.
S/N Q 7/ N PMe3
N2  Me3P. / -iexcess PMe 3, N2
0- Ti -- Ti=N-N=Ti- (
ether, rt, 24 h 
- IPMe3  M
d -N NPMe 3
5 7
The X-ray structure of 7 is shown in Fig. 1.5. 7 is a dinuclear complex consisting of two
identical titanium ligand moieties related by a crystallographic inversion center. The titanium
fragments are linearly [Ti(1)-N(3)-N(3A) = 177.7(4)0] bridged by one dinitrogen molecule. The
geometry about the titanium center can be described as distorted octahedral with the two PMe3
molecules mutually trans and the titanium atom in the O-N-N plane. The two titanium fragments
are twisted to one another such that 7 is D2 symmetric. The Ti-(g-N 2) bond length [Ti(1)-N(3) =
1.811(4) A] as well as the N-N bond length [N(3)-N(3A) = 1.264(8) A] in 7 compare well with
related titanium dinitrogen complexes containing nitrogen ancillary ligands. Three examples of
titanium(II) dinitrogen complexes stabilized by nitrogen containing ancillary ligands have been
reported: {[PhC(NTMS) 2] 2Ti} 2(g-N2)2 3 [Ti-(g-N 2) = 1.771(5), 1.759(5) A; N-N = 1.275(6) A],
[(TMS 2N)TiCl(tmeda)] 2 (.t-N2)4 [Ti-(pi-N 2 ) = 1.762(5) A; N-N = 1.289(9) A] and
[(TMS2N)TiCl(pyridine) 2 2 (g-N2)25 [Ti-(p-N2) = 1.759(3) A; N-N = 1.263(7) A]. Titanium(II)
dinitrogen complexes stabilized by cyclopentadienyl ligands 26-28 have longer Ti-(p-N2 ) bonds
(1.920 - 2.033 A) and shorter N-N (1.155 - 1.191 A) bonds indicating less electron delocalization
across the dinitrogen bridge in Cp complexes.
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Figure 1.5. ORTEP diagram (35% probability level) of [('Pr-NON)Ti(PMe3)212(p-N2) (7),
selected bond lengths and angles.
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When 5 is allowed to decompose in benzene in the presence of PMe 3 (-4 equiv) but
without dinitrogen present, a product is formed that so far has not been identified. The new
species can be recrystallized from ether as black crystals. However, no X-ray quality crystals
could be obtained. The reaction is relatively clean when performed in the dark, otherwise
decomposition is observed.
An unexpected activation of the iPr-NON ligand is observed when DMPE is employed in
the absence of dinitrogen. Thus, when a benzene solution of 5 was allowed to stand at room
temperature in vacuo , the color of the reaction mixture changed from bright orange to red black.
The reaction has to be performed in the dark, otherwise decomposition is observed. Removal of
the benzene and crystallization of the black residue from a mixture of toluene and pentane at -25 'C
afforded black crystals of a new diamagnetic complex 8 (eq 5). The 3 1P NMR shows two
resonances at 5 = -0.31 and -8.6 indicating that two inequivalent phosphorus atoms are bound to
the titanium center. No coupling between the phosphorus atoms was observed, however. In
addition, broad resonances in the 1H and 13C NMR spectra were found indicating that the
phosphorus containing ligand is fluxional. The 1H NMR spectrum is very complex. All aromatic
as well as the isopropyl methine protons are inequivalent. The aliphatic region features several
sharp doublets as well as several broad peaks. The assignment is not certain since the JCH
coupling constants are similar (-7 Hz). The total 1H integration as well as combustion analysis is
consistent with the formulation (iPr-NON)Ti(dmpe). However, an X-ray study revealed that 8 is
('PrN-C 6H4 )('PrN-C 6H4 0)Ti(dmpe) shown in eq 5. 8 is formally the product of an oxidative
addition of an oxygen carbon bond to a titanium(II) center.
The X-ray structure of 8 is shown in Fig. 1.6. In agreement with the NMR data 8 has no
symmetry. The Ti-O bond in 8 [Ti-O(1) = 1.961(2) A] is shortened compared to that found for 5
[Ti-O = 2.149(3) A] which is consistent with a titanium alkoxide bond in 8 and a dative titanium
oxygen interaction in 5. Trans to the oxygen atom is a phenyl group [O(1)-Ti-C(26) =
162.45(12)0] closely bound to the titanium center [Ti-C(26) = 2.146(4) A]. This phenyl group is
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part of a strained four membered ring which is indicated by the acute Ti-C(26)-C(21) angle
[86.5(2)*]. The sum of the angles about C(26) is ~360.1' which suggests that C(26) is planar.
The Ti-C(26) interaction can therefore be described as an aryl titanium a-bond. The titanium
nitrogen distances are in the normal range for titanium amide bonds. Consistent with the X-ray
data, 8 can be described as a titanium(IV) alkoxide phenyl complex.
Heating the dineopentyl complex 6 in the presence of excess PMe3 produces the
neopentylidene complex ('Pr-NON)Ti(CHCMe 3)(PMe 3)2 (9). Complex 9 was isolated as green
black crystals in -50% yield (eq 6). Stable alkylidene complexes of group 4 metals are rare,
although more examples are known for titanium than for zirconium.29 ,30 The 1H and 13C NMR
resonances are slightly concentration dependent. The alkylidene proton appears at 6 - 3 which is
upfield compared to all other titanium alkylidene complexes (6 - 12).29 The gated decoupled 13C
NMR spectrum shows a doublet at 8 - 229 with a low JCH coupling constant (80 Hz). The
isopropyl methyl groups are equivalent, which suggests that 9 is C2v symmetric in solution.
These data can only reconciled with a highly distorted neopentylidene ligand which rapidly rotates
about the Ti=C bond.
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Figure 1.6. ORTEP diagram (35% probability level) of (iPrN-C6H4)(iPrN-C 6H40)Ti(dmpe) (8),
selected bond lengths and angles.
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An X-ray structure (Fig. 1.7) revealed that the neopentylidene ligand in 9 is indeed linear
[Ti(1)-C(1)-C(2) = 179.3(3)0] with a short Ti-C(1) bond [1.884(4) A]. Although no electron
density could be located in the vicinity of C(1) the CH coupling observed in the gated decoupled
13C NMR confirms that 9 is an alkylidene complex with a strong agostic interaction. For
comparison, for the only other structurally characterized titanium neopentylidene complex, the Cp
alkoxide complex {PMe 2-CH 2 C(O)[o-(CMe2)2-C6H 4]}CpTi(CHCMe 3) (Fig. 1.8), a Ti-C bond
length of 1.911(3) A and a Ti-CH-tBu bond angle of 158.7(2)' was found. 31
The structure of 9 resembles that of triamido amine (TREN) complexes (Fig. 1.8).32 In
tantalum TREN alkylidene complexes the alkylidene ligand is bound in the axial position. Similar
to 9 strong agostic interactions with near linear angles about the alkylidene carbon were observed.
The structure of 9 may be explained with the frontier orbital picture (Fig. 1.9) of a square
pyramidal metal fragment.33 An important difference to metallocene complexes becomes apparent.
Bent metallocenes have three frontier orbitals in one plane. For square-pyramidal complexes two
perpendicular d orbitals (dyz'xz) can interact with incoming ligands. The p orbital of the
neopentylidene ligand of 9 interacts either with the dyz or dxz orbital, both of which are aligned
along the sterically demanding P-Ti-P (dxz) or N-Ti-N (dyz) trajectory. If the neopentylidene
ligand were bent it would interact unfavorably with either the isopropyl or the PMe3 groups and is
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Figure 1.7. ORTEP diagram (35% probability level) of ('Pr-NON)Ti(CHCMe 3)(PMe 3)2 (9),
selected bond lengths and angles.
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Figure 1.9. Proposed frontier orbitals for the (iPr-NON)(PMe 3)2 Ti fragment.
therefore pushed into a linear conformation. As a result, the alkylidene proton is pushed into the
titanium coordination sphere and can interact with the remaining d orbital.
The neopentylidene complex 9 reacts in toluene with ethylene (1 atm) quantitatively within
minutes to give a new, black crystalline complex. The IH NMR spectrum of the product is
consistent with the formation of a titanium 11 2-C2H 4 complex. 30
The reaction of 9 with one equiv of CH 2=PMe 3 in diethyl ether yields a purple crystalline
solid which, according to 1H NMR spectroscopy, can be formulated as the five coordinate ylide
adduct (iPr-NON)Ti(CHCMe 3)(CH 2PMe3)-
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Conclusions
The NON ligand can bind to titanium in two coordination modes. The tBu-NON ligand in
(tBu-NON)TiMe 2 (4a) is bound in a facial manner. The iPr-NON ligand in (iPr-NON)TiiBu 2
(5), on the other hand, adopts a meridional geometry . The X-ray structure of 5 shows that the
isopropyl methine protons point in between the isobutyl groups. It is likely that the sterically more
hindered tBu-NON ligand adopts a facial geometry in order to minimize the steric interaction of the
t-butyl groups with the alkyl groups.
Complex 5 is moderately stable in solution and cleanly reacts under dinitrogen in the
presence of PMe3 to give the dinitrogen complex [(iPr-NON)Ti(PMe 3)2] 2(-N 2 ) (7). The short
Ti-(-N 2) bond compared to related titanocene dinitrogen complexes suggests that diamido ligands
increase the reducing character of the titanium center. More evidence for this proposal comes from
the oxidative cleavage of one of the oxygen phenyl bonds when 5 is allowed to decompose in the
presence of DMPE under vacuum. This finding suggests that NON-type titanium(II) complexes
can only be stabilized with it-acceptor ligands.
The synthesis of (iPr-NON)Ti(CHCMe 3 )(PMe 3)2 (9), a rare example of a group 4
alkylidene complex, demonstrates, along with the structure of 7, that the iPr-NON titanium
fragment can support three additional ligands to give octahedral complexes.
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Experimental Section
General Procedures. Unless otherwise noted all manipulations were performed under
rigorous exclusion of oxygen and moisture in a dinitrogen-filled glove-box or using standard
Schlenk procedures. Ether, THF, and pentane were sparged with dinitrogen followed by passage
through 2 1-gallon columns of activated alumina. Toluene and benzene were distilled from
benzophenone ketyl. NMR spectra are taken on Varian instruments (75.4 or 125.8 MHz, 13C;
300 or 500 MHz, 1H; 121.4 or 202.5 MHz, 3 1p). 1H spectra are referenced versus residual
protons in the deuterated solvents as follows: 6 = 7.15 C6D6, 6 = 7.27 CDCl3 , 6 = 2.09 toluene-
d8 (CD 2H). 13C spectra are referenced as follows: 6 = 128.4 C6D6, 6 = 77.2 CDCl 3. 3 1P spectra
are referenced versus an external standard of 85% H3PO4 (6 = 0). All NMR spectra were recorded
at room temperature unless otherwise noted. Temperatures during variable temperature NMR
studies were not calibrated. Assignments of aromatic ligand resonances in 1H and 13C spectra are
not given. Coupling constants are usually not given.
TiCl2 (NMe2)234 , (2-NO 2 -C6H4)20 9, (2-NH 2-C6H4)2 0 12 and NpMgC 32 were prepared
according to literature procedures. 2,4-dimethyl-6-nitro-phenol 35 was prepared according to a
procedure reported for 2-t-butyl-4-methyl-nitrophenol.36 PMe3 , DMPE (Strem) and 1,4-dioxane
(anhydrous, Aldrich) were stored under dinitrogen over 4A molecular sieves. All other reagents
were used as received. Zinc dust (97.5%) was purchased from Strem and activated with 5%
aqueous HCl prior to use. 14 C6 D6 and toluene-d8 (Cambridge Isotope Laboratories) were
degassed with dinitrogen and dried over activated 4A molecular sieves for -1 day prior to use.
CDCl 3 (Cambridge Isotope Laboratories) was used as received. High resolution mass spectra
were recorded at the MIT Department of Chemistry Instrumentation Facility. Elemental analyses
were performed in our laboratories on a Perkin Elmer 2400 CHN analyzer or at H. Kolbe,
Mikroanalytisches Laboratorium (Mtihlheim an der Ruhr, Germany).
(2-NO 2 -C 6 H4 )O(2',4'-Me 2 -6'-NO 2 -C 6H 2 ). A 1 1 one neck flask was charged
with 2,4-dimethyl-6-nitrophenol (47.5 g, 0.28 mol), 2-fluoronitrobenzene (40.0 g, 0.28 mol),
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K2 CO 3 (80.0 g, 0.58 mol) and DMSO (500 mL). The reaction mixture was stirred at 100 'C
under and atmosphere of dinitrogen for 48 h. The dark red slurry was allowed to cool to room
temperature and then poured onto ice/water (1.5 1). A beige solid immediately precipitated from the
red solution. The mixture was stirred for 30 min and then filtered. The solid was liberally washed
with water and dried in vacuo; yield 68.1 g (83%). The crude product was used for subsequent
reactions without further purification. Recrystallization from hot methanol produces analytically
pure tan needles. 1H NMR (CDCl 3) 8 8.01 (d, 1H), 7.71 (s, 1H), 7.42 (m, 2H), 7.15 (t, 1H),
6.63 (d, 1H), 2.44 (s, 3H, Me), 2.22 (s, 3H, Me). 13C NMR (CDCl 3 , only 11 aromatic
resonances appear) 8 150.8, 142.9, 142.2, 139.1, 137.5, 137.0, 134.4, 126.2, 124.0, 122.4,
115.7, 20.8, 16.2. Anal. Calcd for C14 H 12N 2 0 5 : C, 58.33; H, 4.20; N, 9.72. Found: C,
58.53; H, 4.22; N, 9.66.
(2-NH 2 -C 6H 4 )O(2',4'-Me 2 -6'-NH2-C 6 H 2). A Fischer-Porter-Bottle was charged
with (2-NO 2-C6H4 )O(2',4'-Me2-6'-NO2-C6H2) (60.7 g, 0.21 mol), Pd/C (3.00 g, 10% Pd) and
ethanol (100%, 500 mE). CAUTION: ethanol vapors may ignite upon contact with activated Pd
in air. The slurry was stirred under dihydrogen (35 psi) at 65 'C for 24 hours. The mixture was
cooled to room temperature and filtered through Celite. The initially colorless filtrate turns orange
upon exposure to air. All volatiles were removed in vacuo leaving a light orange/brown solid or
occasionally an orange oil; yield 46.9 g (98%). The crude product was used for subsequent
reactions without further purification. It slowly darkens in air and is therefore best stored under
dinitrogen. It may be crystallized as large off-white blocks by slow evaporation of a saturated
ether solution. 1H NMR (CDCl 3) 8 6.82 (m, 2H), 6.59 (dd, 1H), 6.47 (m, 3H), 4.0 (br s, 2H,
NH 2 ), 3.66 (br s, 2H, NH 2), 2.26 (s, 3H, Me), 2.07 (s, 3H, Me). 13C NMR (CDCl 3) 6 144.8,
139.5, 138.0, 135.9, 135.3, 131.5, 122.4, 121.5, 118.7, 115.8, 114.9, 112.8, 21.2, 16.1.
Anal. Calcd for C1 4H16N20: C, 73.66; H, 7.06; N, 12.27. Found: C, 73.69; H, 7.21; N,
12.43.
[2-Me(CD 3)2 CNH-C 6 H4 ]20 [H 2 (tBu-NON), la]. (2-NH 2 -C6 H4 )20 (18.8 g, 94 mmol)
was dissolved in acetone-d6 (120 g, 1.87 mol) and activated 4 A molecular sieves (30 g) were
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added. After the condensation was complete (3 - 7 days, as judged by IH NMR) the molecular
sieves were filtered off and rinsed with ether. All volatile components were removed in vacuo.
The imine dissolved in ether (60 mL) was slowly added to a precooled solution (acetone/ dry ice)
of MeLi in ether (270 mL, 0.88 M). The reaction mixture was allowed to warm up to room
temperature and stirred. After 24 h the reaction mixture was quenched by pouring it slowly into a
beaker filled with 500 mL of a mixture of ice and water. The product was extracted into hexane
(3x 100 mL) and the combined organic layers were filtered through a -35 cm long and 2.5 cm
wide alumina column. The solvent was evaporated in vacuo to afford a viscous orange oil; yield
16.7 g (55%). 1H NMR (CDC13 ) 6 7.00 (m, 4H), 6.68 (m, 4H), 4.19 (br s, 2H, NH), 1.35 (s,
6H, C(CD3)2Me). 13 C NMR (CDCl 3) 6 145.24, 138.34, 123.62, 117.76, 117.30, 115.96,
50.81 (C(CD 3 )Me), 29.81 (C(CD3 )2 Me) , 29.28 (m, C(CD 3 )2 Me); HRMS (El) Calcd for
C20H16D 12N2 0: 324.295485. Found: 324.29549. Anal. Calcd for C20 H16D 12N2 0: C, 74.02;
H, 8.70; N, 8.63. Found: C, 74.41; H, 8.94; N, 8.30.
(2-TMSNH-C 6H4 )20 [H 2 (TMSNON), 1b]. A solution of BuLi in hexanes (51
mL, 1.6 M) was added to a solution of (2-NH 2-C6H4)20 (8.08 g, 40.4 mmol) in THF (120 mL)
at -25 *C. The mixture was allowed to warm to room temperature and stirred for 4 h. TMSC
(11.3 mL, 89 mmol) was added at -25 'C. The solution was warmed up to room temperature and
stirred for 8.5 h. All volatile components were removed in vacuo and the residue extracted with
pentane (60 mL) over a period of -15 min. A white solid was filtered off and washed with pentane
(20 mL). The solution was concentrated and stored at -25 0C overnight to produce colorless
microcrystalline material; yield 10.61 g (76%). 1H NMR (C6D6) 6 6.88 (m, 6H), 6.58 (m, 2H),
4.21 (br s, 2H, NH), 0.095 (s, 18H, SiMe3). 13C NMR (C6D 6) 6 146.1, 139.8, 124.9, 119.2,
118.6, 116.5, 0.3 (SiMe 3 ). Anal. Calcd for C18 H2 8N 2 OSi 2 : C, 62.74; H, 8.19; N, 8.13.
Found: C, 63.11; H, 8.52; N, 7.99.
(2-iPrNH-C 6 H 4 )20 [H 2(iPr-NON), ic]. A 250 mL one-neck flask was charged
with (2-NH 2-C6H4 )2 0 (10.0 g, 50 mmol), acetone (15 mL), activated Zn dust (25.0 g, 382 mmol)
and glacial acetic acid (100 mL). The flask was capped with a rubber septum, connected to an oil-
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bubbler via a needle and then heated under rapid stirring to 60 'C for 24 h. After cooling to room
temperature the reaction mixture was poured onto a mixture of ice (200 mL), concentrated aqueous
NH3 (200 mL) and methylene chloride (150 mL). The layers were separated and the aqueous layer
extracted with methylene chloride (2 x 100 mL). The combined methylene chloride layers were
dried over MgSO4. Removal of the methylene chloride in vacuo afforded crude material as an
orange oil. The oil was dissolved in acetone (150 mL) and concentrated HCl (10 mL) was added.
Within one minute colorless crystals began to form. The mixture was allowed to stand overnight
and the colorless crystalline solid was then filtered off, washed with acetone and dried. A mixture
of aqueous NaOH (100 mL, 10%) and ether (100 mL) was added to this solid. The mixture was
stirred until the solid had dissolved. The layers were seperated and the aqueous layer extracted
with ether (3 x 50 mL). The combined organic layers were dried over MgSO4. Activated charcoal
was added prior to filtering through a bed of Celite. Ether was removed in vacuo leaving a pale
yellow oil; yield 13.2 g (93%). The product slowly darkens in air and is therefore best stored
under dinitrogen. 1H NMR (C6D 6) 6 6.98 (t, 2H), 6.88 (d, 2H), 6.63 (d, 2H), 6.55 (t, 2H),
4.14 (br s, 2H, NH), 3.37 (br m, 2H, CHMe 2 ), 0.89 (d, 12H, CHMe2 ). 13 C NMR (C6D 6) 6
144.8, 140.0, 125.1, 118.8, 117.1, 112.5, 44.4 (CHMe 2 ), 23.2 (CHMe2 ). Anal. Calcd for
C 18H24 N 20: C, 76.02; H, 8.51; N, 9.85. Found: C, 76.13; H, 8.39; N, 9.81. HRMS (El)
Calcd for C18H24N20: 284.18886. Found: 284.18875.
[2-Me(CD 3 )2 CNH-C 6 H4 ]0[2',4'-Me2-6'-Me(CD 3 )2 CNH-C 6 H 2 ] [H 2 (tBu-
NON*), Id] (2-NH 2-C6H4)O(2',4'-Me 2-6'-NH 2-C6H2 ) (10.18 g, 44.6 mmol) was dissolved
in acetone-d 6 (60 g, 0.94 mol) and activated 4 A molecular sieves (30 g) were added. After the
condensation was complete (3 - 7 days, as judged by 1H NMR) the molecular sieves were filtered
off and rinsed with ether. All volatile components were removed in vacuo. The imine dissolved in
ether (80 mE) was slowly added to a precooled solution (acetone/ dry ice) of MeLi in ether (130
mL, 0.86 M). The reaction mixture was allowed to warm up to room temperature and stirred.
After 24 h the reaction mixture was quenched by pouring it slowly into a beaker filled with 500 mL
of a mixture of ice and water. The product was extracted into pentane (3 x 50 mL) and the solvents
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were evaporated in vacuo. The residue was redissolved in pentane (200 mL) and filtered through a
-40 cm long and 2.5 cm wide alumina column. The product was eluted with more pentane (400
mL). The pentane was evaporated in vacuo to afford a viscous pale yellow oil; yield 8.43 g
(54%). 1H NMR (CDCl3 ) 8 7.01 (d, 1H), 6.86 (t, 1H), 6.70 (s, lH), 6.54 (t, 1H), 6.40 (m,
2H), 4.43 (s, 1H, NH), 3.87 (s, 1H, NH), 2.30 (s, 3H, ArMe), 2.00 (s, 3H, ArMe), 1.43 (s,
3H, C(CD3)2Me), 1.26 (s, 3H, C(CD3)2Me). 13C NMR (CDCl3 ) 8 146.1, 140.2, 139.3, 136.6,
134.6, 130.9, 122.0, 120.2, 117.6, 116.1, 114.5, 112.6, 51.4 (C(CD 3 )2 Me), 51.0
(C(CD3)2 Me), 30.3 (C(CD3)2Me), 30.1 (C(CD3 )2Me), 29.9 (m, C(CD3)2Me), 21.8 (ArMe), 16.5
(ArMe). HRMS (EI) Calcd for C22 H20D 12N20: 352.326785. Found: 352.32679. Anal. Calcd
for C22 H20D 12N20: C, 74.94; H, 9.15; N, 7.94. Found: C, 74.91; H, 9.14; N, 7.96.
(tBu-NON)Ti(NMe 2 )2 (2a). A solution of BuLi in hexanes (4.2 mL, 1.6M) was
added to a solution of H2 (tBu-NON) (la) (1.09 g, 3.36 mmol) in ether (30 mL) at -35 'C. The
mixture was warmed up to room temperature and stirred for 4 h. A suspension of TiCl 2(NMe 2)2
(696 mg, 3.36 mmol) in ether (20 mL) was added to the solution containing the Li2(tBu-NON) at
-35 'C. The mixture was warmed to room temperature and stirred for 15 h. After filtration
through Celite all volatiles were removed in vacuo. The residue was dissolved in a minimum of
methylene chloride and layered with pentane. Cooling to -35 'C afforded an orange crystalline
solid; yield 864 mg (56%). An analytically pure sample was obtained by recrystallization from
ether. IH NMR (C6 D6 ) 8 6.92 (m, 6H), 6.63 (m, 2H), 3.13 (s, 12H, NMe2 ), 1.28 (s, 6H,
C(CD3)2Me). 13 C NMR 8 (C6 D6 ) 150.9, 147.1, 124.37, 123.3, 120.3, 118.6, 60.2 (m,
C(CD 3 )2 Me), 47.8 (NMe2), 32.4 (C(CD3 )2 Me), 31.9 (m, C(CD 3 )2 Me). Anal. Calcd for
C2 4 H26 D12N4OTi: C, 62.86; H, 8.35; N, 12.22. Found: C, 62.85; H, 8.34; N, 12.14.
(tBu-NON)TiCI 2 (3a). A Schlenk tube was charged with (tBu-NON)Ti(NMe 2 )2 (2a)
(379 mg, 0.83 mmol), TMSC1 (270 mg, 2.49 mmol) and toluene (10 mL). The solution was
heated to 110 'C for 7 days, during which time the color of the solution turned black-purple. The
volatile components were removed in vacuo and the residue recrystallized from a mixture of
methylene chloride and pentane at -35 'C; yield 286 mg (78%): 1H NMR (C6D6) 5 6.84 (m, 4H),
38
6.57 (m, 4H), 1.33 (s, 6H, C(CD3 )2Me); 13C NMR (C6 D 6) 6 147.8, 142.1, 126.7, 124.4,
120.6, 118.9, 64.8 (m, C(CD 3)2Me), 30.6 (C(CD3)2Me), 30.4 (m, C(CD 3 )2Me). Anal. Caled
for C2 0H 14D 12Cl 2 N2OTi: C, 54.43; H, 5.89; N, 6.35. Found: C, 54.57; H, 5.96; N, 6.13.
(TMS-NON)Ti(NMe2)2 (2b) A solution of BuLi in hexanes (6.1 mL, 1.6 M) was
added to a solution of H2(TMS-NON) (1b) (1.678 g, 4.88 mmol) in ether (30 mL) at -25 'C. The
solution was allowed to warm to room temperature and stand for 4 h. Ti(NMe 2)2Cl 2 (1.01 g, 4.88
mmol) was added to this solution at -25 'C. The mixture was allowed to warm to room
temperature and stirred for 22 h. During the reaction a white precipitate formed. All volatiles were
removed in vacuo and the residue was extracted with pentane (40 mL) for 30 min. The extract
was filtered and the pentane was removed in vacuo. Recrystallization of the residue from ether at
-25 'C produced orange crystals; yield 1.283 g (55%). IH NMR 6 (C6D6) 6.91 (m, 4H), 6.80 (d,
2H), 6.58 (t, 2H), 3.13 (s, 12H, NMe2), 0.21 (s, 18H, SiMe3). 13C NMR 6 (C6 D6 ) 149.74,
148.23, 125.26, 122.26, 119.75, 117.97, 47.38 (NMe2 ), 3.03 (SiMe3). Anal. Calcd for
C22H 38N4 OSi 2 Ti: C, 55.21; H, 8.00; N, 11.71. Found: C, 55.08; H, 8.11; N, 11.63.
(TMS-NON)TiC 2 (3b). A solution of (TMS-NON)Ti(NMe 2 )2 (2b) (1.00 g, 2.09
mmol) and TMSC1 (1.00 g 9.22 mmol) in toluene (10 mL) was heated in a sealed Schlenk tube to
100 'C. After 7 days a small amount of black solid was decanted off and all volatile components
were then removed in vacuo. The black residue was redissolved in methylene chloride (-10 mL).
The solution was filtered and then concentrated in vacuo to -2 mL. The solution was layered with
pentane (-2 mL) and stored at -25 'C yielding 595 mg of large deep purple-black crystals.
Concentration of the mother liquor afforded a second crop of 117 mg; Total yield 712 mg (74%).
1H NMR (C6D6 ) 6 6.87 (d, 2H), 6.79 (t, 2H), 6.57 (t, 2H), 6.36 (d, 2H), 0.27 (s, 18H, SiMe3).
13C NMR (C6D6 ) 6 148.5, 145.1, 126.9, 123.8, 119.7, 119.0, 1.47 (SiMe3). Anal. Calcd for
C 18H2 6Cl 2N2 OSi 2Ti: C, 46.86; H, 5.68; N, 6.07. Found: C, 46.75; H, 5.75; N, 6.03.
(iPr-NON)TiC 2 (3c), (iPr-NON)Ti(NMe2) 2 (2c). A solution of BuLi in hexanes
(34 mL, 2.6 M) was added to a solution of H2(iPr-NON) (1c) (12.48 g, 43.9 mmol) in ether (250
mL) at -25 'C. The solution was allowed to warm to room temperature and stirred for 10 h. The
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solution was then cooled to -25 *C and TiCl2 (NMe 2)2 (9.10 g, 44.0 mmol) was added. The
mixture was allowed to warm to room temperature and stirred for 9 h. All volatile components
were removed in vacuo and the residue was extracted with pentane (250 mL) for 15 min. An off-
white solid was filtered off and the pentane removed in vacuo. The residue, a dark orange oil, was
identified as (iPr-NON)Ti(NMe2)2 (1H and 13C NMR). Toluene (150 mL) and TMSC1 (30 g, 276
mmol) were added to this oil. This mixture was heated to 110 'C in a sealed heavy-wall 500 mL
one neck flask (CAUTION: Use blast shield!). During the reaction the color changed from
orange to deep purple-black. After 21 h the solution was allowed to cool to room temperature
which was accompanied by immediate formation of black needles. The reaction flask was then
brought into a dry-box and stored at -25 'C overnight to complete crystallization. The supernatant
was decanted off, the black needles washed liberally with pentane and dried in vacuo; yield 14.70
g (83%). lc: 1H NMR (C6 D6) 8 7.09 (d, 2H), 6.72 (t, 2H), 6.42 (m, 4H), 5.91 (sept, 2H,
CHMe 2 ), 1.45 (d, 12H, CHMe2 ). 13C NMR (C6 D6 ) 8 150.6, 145.0, 125.5, 119.7, 114.3,
111.4, 54.6 (CHMe 2), 18.6 (CHMe2 ). Anal. Calcd for C18 H22 Cl 2N 2OTi: C, 53.89; H, 5.53; N,
6.98. Found: C, 53.95; H, 5.59; N, 6.94. 2c: 1H NMR (C6 D6) 5 7.30 (d, 2H), 7.00 (t, 2H),
6.80 (d, 2H), 6.48 (t, 2H), 4.29 (sept, 2H, CHMe 2), 3.07 (s, 12H, NMe2 ), 1.40 (d, 12H,
CHMe2). 13C NMR (C6 D6 ) 8 148.5, 146.3, 125.5, 115.2, 114.8, 114.0, 54.7 (CHMe2), 46.8
(NMe2 ), 23.7 (CHMe2).
(tBu-NON)TiMe 2 (4a). A solution of MeMgCl in THF (3.0 M, 350 pL) was added to
a solution of (tBu-NON)TiCl 2 (3a) (230 mg, 0.52 mmol) in ether (10 mL) at -35 'C. The color
immediately changed from dark purple to orange and white solid precipitated. The mixture was
stirred for 15 min without further cooling. All volatiles were removed in vacuo and the residue
extracted with pentane (-10 mL) over a period of -5 min. The mixture was filtered through Celite
and the pentane removed in vacuo to afford an orange red solid which was recrystallized from a
mixture of ether and pentane at -35 'C; yield 162 mg (78%): 1H NMR (C6 D6) 8 6.87 (m, 6H),
6.56 (m, 2H), 1.60 (s, 6H, TiMe 2 ) 1.42 (s, 6H, C(CD3 )2 Me). 13C NMR (C6D6 ) 8 148.5,
143.5, 126.1, 122.1, 121.4, 119.3, 64.6 (TiMe2), 60.2 (C(CD 3)2 Me), 31.4 (C(CD3)2Me), 30.9
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(m, C(CD 3)2Me). Anal. Caled for C22H20D 12N 2OTi: C, 65.98; H, 8.05; N, 6.99. Found: C,
66.07; H, 7.94; N, 6.84.
(TMS-NON)TiMe 2 (4b). 174 mg (73%) of orange crystals were obtained by treating
(TMS-NON)TiCl 2 (3b) (261 mg, 566 gmol) with MeMgI (380 gL, 3.0 M in ether) under
conditions identical to those described for 4a. 1H NMR (C6D6) 6 6.89 - 6.81 (m, 4H), 6.76 (d,
2H), 6.57 (t, 2H), 1.63 (s, 6H, TiMe2), 0.28 (s, 18H, SiMe3). 13 C NMR (C 6D 6 ) 6 149.0,
145.4, 126.4, 122.1, 121.7, 119.5, 66.6 (TiMe 2 ), 1.8 (SiMe 3 ). Anal. Calcd for
C2 0H32N 2Si 2 OTi: C, 57.12; H, 7.67; N, 6.66. Found: C, 57.04; H, 7.65; N, 6.73.
(iPr-NON)TiMe 2 (4c). A solution of MeMgI in ether (420 tL, 3.0 M) was added to a
suspension of (iPr-NON)TiCI2 (3c) (250 mg, 623 gmol) in toluene (10 mL) at -25 0 C. The
solution was allowed to warm to room temperature and stirred for 2 h. 1,4-Dioxane (135 mg,
1.53 mmol) was added and the solution was filtered through Celite. The filtrate was concentrated
to ~1 mL, layered with pentane (2 mL) and stored at -25 'C overnight. Orange microcrystals
formed; yield 129 mg (57%). IH NMR (C6D6) 6 7.36 (d, 2H), 6.91 (t, 2H), 6.83 (d, 2H), 6.45
(t, 2H), 5.97 (sept, 2H, CHMe 2 ), 1.61 (d, 12H, CHMe 2 ), 0.94 (s, 6H, TiMe 2). 13C NMR
(C 6 D 6 ) 6 148.8, 145.3, 125.1, 116.2, 113.6, 112.1, 56.8 (TiMe2 ), 49.5 (CHMe 2 ), 19.6
(CHMe2 ) Anal. Calcd for C2 0H2 8N2 OTi: C, 66.67; H, 7.83; N, 7.77. Found: C, 66.52; H,
7.85; N, 7.64.
(iPr-NON)TiPBu 2 (5). A solution of 'BuMgCl in ether (2.5 mL, 2.0 M) was added to a
suspension of (iPr-NON)TiCl 2 (3c) (1.00 g, 2.49 mmol) in toluene (20 mL) at -25 'C. The
mixture was rapidly stirred for 20 min without further cooling. 1,4-Dioxane (0.46 g, 5.2 mmol)
was added and the mixture was filtered through Celite. The filtrate was concentrated to -5 mL.
Orange microcrystals began to form during the evaporation of the toluene. Pentane (5 mL) was
added and the mixture was stored at -25 'C overnight; yield 767 mg (69%). 1H NMR (C6D6) 6
7.39 (d, 2H), 6.92 (m, 4H), 6.44 (t, 2H), 5.99 (sept, 2H, NCHMe 2), 2.03 (sept, 2H,
CH 2 CHMe 2 ), 1.72 (d, CH 2 CHMe 2 ), 1.70 (d, NCHMe 2 , this and previous resonance are not
entirely resolved, overall integration 16H), 0.66 (d, 12H, CH 2CHMe2 )- 13C NMR (C6D6 , 10 C)
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8 147.8, 145.3, 125.3, 115.7, 113.5, 112.8, 94.7 (CH 2 CHMe 2 ), 50.7 (NCHMe 2 ), 32.2
(CH2CHMe 2), 27.3 (CH2 CHMe2), 20.2 (NCHMe 2 ). Anal. Calcd for C26H4 0N2OTi: C, 70.26;
H, 9.07; N, 6.30. Found: C, 70.12; H, 8.95; N, 6.38.
(iPr-NON)TiNP2 (6). A solution of NpMgCl in ether (3.8 mL, 1.35 M) was added to
a suspension of (iPr-NON)TiCl 2 (3c) (1.01 g, 2.52 mmol) in toluene (20 mL) at -25 'C. The
solution was allowed to warm to room temperature and stirred. After 12 h 1,4-dioxane (0.46 g,
5.2 mmol) was added and the mixture was filtered through Celite. The filtrate was concentrated to
-5 mL, layered with pentane (10 mL) and stored at -25 'C. An orange red microcrystalline solid
was isolated; yield 606 mg (51%). 1H NMR (C6D6) 6 7.31 (d, 2H), 6.93 (m, 4H), 6.43 (t, 2H),
5.84 (sept, 2H, CHMe 2 ), 2.04 (s, 4H, CH 2CMe 3 ), 1.73 (d, 12H, CHMe2), 0.83 (s, 18H,
CH 2CMe3). 13C NMR (C6D6 ) 8 147.1, 145.9, 125.5, 115.7, 113.6, 113.4, 103.9 (CH 2CMe 3 ),
51.6 (CHMe 2 ), 38.7 (CH 2 CMe 3 ), 34.5 (CH2 CMe3 ), 21.0 (CHMe2 ). Anal. Calcd for
C28H4 4N2 OTi: C, 71.17; H, 9.39; N, 5.93. Found: C, 71.11; H, 9.32; N, 6.05.
[(iPr-NON)Ti(PMe 3 )2] 2 (-N 2 ) (7) Inside a dinitrogen filled dry-box (Pr-
NON)TiiBu 2 (5) (202 mg, 454 pLmol) was dissolved in a mixture of ether (20 mL) and PMe 3 (145
mg, 1.91 mmol). The solution was transferred to a 100 mL one neck flask which was then capped
and allowed to stand at room temperature. The color changed gradually from bright orange to
green black and black crystals began to form. After 24 h the mixture was cooled to -25 'C to
complete crystallization; yield 147 mg (61%). According to 1H NMR 0.9 equiv of ether were
present. 1H NMR (C6D6 , ether resonances not given) 5 7.14 (partially overlapped with C6 D5H
resonance), 6.99 (t, 4H), 6.82 (d, 4H), 6.35 (t, 4H), 4.77 (br sept, 4H, CHMe 2), 1.70 (d, 24H,
CHMe2), 0.88 (d, 36H, PMe 3, JPH = 3.5 Hz). 13C NMR (C6D6 ether resonances not given) 6
149.3, 145.7, 125.8, 114.9, 112.8, 112.4, 54.2 (CHMe 2), 25.2 (CHMe2) 15.3 (d, PMe3 , JpC =
4.5 Hz). 3 1P NMR (C6 D6) 5 -37.6. Anal. Calcd for C48H8ON60 2P4Ti2 x0.9ether: C, 58.49; H,
8.47; N, 7.93. Found: C, 58.35; H, 8.37; N, 7.86.
(iPrN-C6H4)(iPrN-C 6H4 0)Ti(dmpe) (8). Inside a glove box DMPE (71 mg, 473
gmol) was added to a suspension of (iPr-NON)TiiBu 2 (5) (201 mg, 452 gmol) in benzene (5
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mL). The solid rapidly dissolved and the solution began to darken within a few minutes. The
solution was transferred to a 25 mL Schlenk tube which was then subjected to two freeze-pump-
thaw cycles (120 mTorr residual pressure). The reaction mixture was allowed to stand in the dark
at room temperature. The color slowly changed to dark red-black. After 24 h the Schlenk tube
was brought back into the glove box. All volatile components were removed in vacuo. The black
residue was redissolved in a minimum of toluene (-3 mL), concentrated to -1 mL and layered with
pentane (2 mL). Black crystals began to form. The mixture was stored at -25 'C overnight; yield
137 mg (63%). 1H NMR (C6D6 ) 8 7.32 (t, 1H), 7.14 (partially overlapped with C6D 5H), 6.90 -
6.85 (m, 3H), 6.81 (t, 1H), 6.74 (m, lH), 6.32 (m, 1H), 4.05 (sept, 1H, NCHMe 2), 3.92 (sept,
NCHMe 2), 1.58 (d, 3H), 1.3 - 0.8 (br m), 1.31 (d), 1.06 (d), 1.03 (d), 0.89 (d), total integration
of previous peaks 22H, 0.12 (br s, 3H). 13C NMR (C6 D 6 ) 6 173.9, 159.6, 154.3, 148.1,
130.3, 120.7, 119.5, 116.6 (t, JCp ~ 2 Hz), 113.5, 108.3, 105.6 (11 aromatic resonances were
observed), 53.3, 51.2, 27.2 (br s , DMPE), 26.3 (br s, DMPE), 25.1, 24.6, 24.3, 23.1, 12.7 (br
s, DMPE), 11.8 (br s, DMPE), 10.8 (br s, DMPE). 3 1P NMR (C6D6 ) 6 -0.3 (br s), -8.6 (br s).
Anal. Calcd for C24 H3 8N2 OP 2Ti: C, 60.00; H, 7.97; N, 5.83. Found: C, 59.86; H, 7.91; N,
5.75.
(iPr-NON)Ti(CHCMe 3)(PMe 3)2 (9) A suspension of (iPr-NON)TiNp 2 (300 mg,
635 pmol) in toluene (6 mE) and PMe3 (0.60 g, 7.9 mmol) was stirred in a sealed 50 mL Schlenk
tube at 45 *C. The solid quickly dissolved and the initially bright orange solution turned green-
black within a few hours. After 12 h the solution was concentrated to -1 mL. Black crystals
began to form during the evaporation of the toluene. More PMe 3 (-150 mg) was added and the
mixture was stored at -25 'C overnight to afford black crystals; yield 178 mig (5 1%). Shifts in 1H
and 13C NMR spectra vary slightly depending on the concentration of the sample. 1H NMR (0.06
M in C6D 6 ) 6 7.12 (d, 2H), 6.90 (t, 2H), 6.67 (d, 2H), 6.33 (t, 2H), 4.97 (br m, 2H, NCHMe 2 ),
3.00 (s, 1H, CHCMe 3), 1.62 (d, 12H, NCHMe2 ), 1.20 (s, 9H, CHCMe3), 0.90 (d, JPH = 4 Hz,
18H, PMe 3 ). 13 C NMR (0.06 M in C6D 6) 6 230.1 (gated decoupled 13C NMR: d, JCH = 80
Hz,CHCMe 3 ), 149.1, 144.9, 125.1, 113.8, 113.5, 112.6, 53.2 (NCHMe 2), 47.6 (CHCMe 3),
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3 1P NMR (0.06 M in C6D 6 ) 8 -30.9 (br s). Anal. Calcd for
C29H 50N2 OP 2Ti: C, 63.04; H, 9.12; N, 5.07. Found: C, 63.12; H, 8.98; N, 5.20.
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33.8, 24.3, 16.5 (PMe3).
Chapter 2
Synthesis of Zirconium and Hafnium Complexes Containing Tridentate Diamido Donor Ligands
Introduction
The present chapter discusses the synthesis and reactivity of zirconium dialkyl complexes
containing the NON ligands shown in Fig. 2.1. The chapter begins with a synthetic route leading
to NON zirconium dihalide starting materials.
0P 0"P
Nil
Me(D 3C) 2C C(CD 3)2Me
NH
TMS
HN
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NH HN 
\
H2(TMS-NON) lb
Me Me
0,q
NH
Me(D 3C) 2 C
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Figure 2.1. Ligands employed for the synthesis of zirconium and hafnium complexes.
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Next, the stability of primarily -hydrogen containing dialkyl complexes will be probed.
One question which will be discussed is what the factors are that determine their stability.
Although a few examples of 1-hydrogen containing dialkyl complexes have appeared in the
literature, little is known about their reactivity.2, 37-39 Andersen showed that complexes of the type
(TMS2 N)2)2ZrR2 (R = Me, Et) cleanly react to generate bridging alkylidene complexes via double
CH activation of the TMS groups (Fig. 2.2).2 With this in mind, the focus will be on the alkyl
substituted iPr-NON and tBu-NON ligands which are expected to be relatively inert towards CH
activation.
One aspect, the reactions with phosphines such as PMe 3, will be studied and compared to
related zirconocene chemistry. The zirconocene complexes Cp 2ZrR2 (R = Et, nPr, nBu), prepared
in situ by alkylation of Cp 2 ZrCl2, have been extensively studied and are known to yield olefin
adducts, which can be trapped as PMe3 adducts.2 1,40
N(TMS),
| / TMS
Me 2Si Zr - N
N- Zr ' Si
/ I Me2TMS
N(TMS) 2
Figure 2.2. Ligand activation upon decomposition of (TMS2 N)2 ZrR 2 (R = Me, Et).
All of the crystal structures obtained in Chapter 1 showed a "twist" of the NON phenyl
groups. As a result, these compounds are chiral in the solid state. In solution, however, rapid
equilibration leading to achiral species was observed which was explained by a fluxional process
that brings the phenyl hydrogen atoms ortho to the oxygen atom in close proximity. Based on
these findings, the synthesis of chiral NON zirconium complexes was attempted. Results to that
end are also discussed in this chapter.
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Results and Discussion
2.1 Synthesis of Zirconium and Hafnium Dihalide Complexes
Entry into NON zirconium chemistry could not be achieved directly via the reaction of the
ligand dilithio salt with ZrCl4 or ZrCl4 (thf)2. A mixture of unidentified species was obtained.
However, all ligands employed in this chapter react cleanly with one equiv of Zr(NMe2 )4 or
Hf(NMe 2)4 to give the tetraamide complexes LZr(NMe 2)2 (L = tBu-NON 10a, TMS-NON 10b,
iPr-NON 10c, tBu-NON* 10d) and LHf(NMe 2 )2 (L = tBu-NON 13, TMS-NON 14),
respectively (eq 1). A list of complexes prepared by this route is shown in Table 2.1. This
strategy has been applied to prepare zirconocene bisdimethylamide complexes 4 1,42 and heteroleptic
zirconium amide complexes. 43
In contrast to la, which forms 10a at room temperature, Id reacts with Zr(NMe 2)4 only at
elevated temperatures. The sterically less demanding isopropyl ligand 1c reacts rapidly; 10c is
formed almost immediately after the reactants are mixed. Hf(NMe 2)4 undergoes amine elimination
more slowly, which follows a general trend usually ascribed to higher ligand-to-metal bond
strengths.
H 2L + M(NMe 2)4  - LM(NMe 2)2  excess TMSC or Mel LMX2
The 1H NMR spectra of 10a-c show resonances similar to those of the titanium
dimethylamide complexes 2a-c. Thus, the NMe2 groups in 10a-c appear as one sharp singlet
indicating C2v symmetry in solution and free rotation about the Zr-N bond. In contrast, the 1H
NMR spectrum of 10d features two sharp singlets (6 = 3.15, 2.82) which are assigned to the
NMe 2 resonances. The symmetry of 10d in solution is C1 on the NMR time scale. No
coalescence of the NMe 2 resonances was observed when a chlorobenzene-d 5 solution of 10d was
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Table 2.1. Synthesis of zirconium and hafnium complexes according to eq 1
Solvent, T LM(NMe2)2 Halide Solvent, T
Source
H2(tBu-NON) (la) pentane, rt (tBu-NON)Zr(NMe 2)2 (10a) TMSCl ether, rt (tBu-NON)ZrCl 2 (Ila)
tol, 50 *C (tBu-NON)ZrI 2 (12)
H2(TMS-NON) (lb)
H2 ('Pr-NON) (1c)
H2 (tBu-NON*) (ld)
H2(tBu-NON) (la)
H2(TMS-NON) (lb)
pentane, rt (TMS-NON)Zr(NMe 2)2 (10b)
pentane, rt (iPr-NON)Zr(NMe 2)2 (10c)
tol, 105 'C (tBu-NON*)Zr(NMe 2)2 (10d)
tol, 60 0C (tBu-NON)Hf(NMe 2)2 (13)
pentane, A (TMS-NON)Hf(NMe 2)2 (14)
TMSCI ether, rt
TMSC tol, rt
TMSC ether, rt
TMSC ether, rt
(TMS-NON)ZrCl2 (11b)
('Pr-NON)ZrCl2 xtol (11c)
(tBu-NON*)ZrCI 2 (11d)
(TMS-NON)HfCl 2 (15)
) Yield is based on 10a.
ii Yield refers to 13.
H2L LMX 2
10a
00
Yield
(%, total)
Mel
74
89 *)
97
72
64
61 ii
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heated to 120 'C. The steric influence of the Me group ortho to the bridging oxygen donor
apparently prevents the phenyl groups from passing one another readily.
Upon treatment with TMSC in ether or toluene lOa-d are converted in high yield to the
dichloride complexes LZrCl2 (L = tBu-NON Ila, TMS-NON lib, 'Pr-NON 1lc, tBu-NON*
lid) (eq 1, Table 2.1). The isopropyl derivative Ilc retains ether and therefore was prepared in
toluene. As was observed for the titanium complexes 2a-c, the NMe2 groups are selectively
removed. Even in the presence of excess TMSC the sterically protected ligand nitrogen atoms do
not react under the conditions used. A similar strategy has been reported for the synthesis of
zirconocene dichloride complexes.44 The hafnium dichloride complexes (tBu-NON)HfC124 5 and
(TMS-NON)HfCl 2 (15) can be prepared in an identical fashion in high yield via the
bisdimethylamide complexes (tBu-NON)Hf(NMe 2 )2 (13) and (TMS-NON)Hf(NMe 2 )2 (14),
respectively.
10a reacts with Mel, but more slowly than it does with TMSCL. Thus, when 10a is
heated in toluene to -50 *C in the presence of excess Mel, the diiodo complex (tBu-NON)ZrI2 (12)
is formed in high yield within two days. Mel was previously used by Cummins and co-workers
for the synthesis of titanium diiodide complexes supported by monodentate anilide ligands.46,47
The X-ray structure of Ila is shown in Fig. 2.3. In the solid state two (tBu-NON)ZrCl 2
units form a dimeric molecule with two bridging chlorine atoms. The dimer possesses a
crystallographic inversion center. The coordination environment around each of the zirconium
units can be described as distorted octahedral. The Zr-O bond length [2.336(3) A] is consistent
with a single bond. The sum of the angles about the oxygen atom is -328.5 which suggests that
the oxygen atom is tetrahedral. The N(l), Zr, Cl(l) and Cl(lA) atoms are essentially coplanar.
The N(2) atom is significantly bent out of this plane with an N(1)-Zr-N(2) angle of 101.880.
Similar to what was found for (tBu-NON)TiMe 2 (4a) the t-butyl groups of 1la are bent out of the
O-Zr-N plane. The O-Zr-N-tBu dihedral angles are 135.50 and 143.20, respectively (determined
from a Chem3D representation). The Zr-N bond lengths [2.061(4) A and 2.089(4) A] are typical
for zirconium amide complexes. The Zr-Cl(2) distance is 2.4025(13) A, which is in the range of
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C(10)
(9) C0(11)
C(202) C(203)
C(12)
CI(2A)
C(201) N() CN N1
C(204) C() C( 6) 1 0 CI(1 ) ZrA
C4 2C3() Zr
CO 1 ) 9 C1(2) N()
CO() 27C(1 C(102)
C0104)
Bond Lengths (A) Bond Angles()
Zr-N() 2.089(4) N(l)-Zr-N(2) 101.88(14)
Zr-N(2) 2.061(4) Cl(1)-Zr-Cl(1A) 73.86(4)
Zr-O 2.336(3) N(l)-Zr-Cl(2) 98.79(11)
Zr-Cl(l) 2.5290(14) N(2)-Zr-CI(2) 103.20(11)
Zr-Cl(1A) 2.7944(13) Zr-O-C(l) 105.7(2)
Zr-CI(2) 2.4025(13) Zr-O-C(7) 97.5(2)
Zr-C(8) 2.774(4) C(l)-O-C(7) 115.5(3)
Zr-N(1)-C(101) 129.0(3)
Zr-N(2)-C(201) 135.3(3)
Figure 2.3. ORTEP diagram (35% probability level) of (tBu-NON)ZrCl 2 (Ila),
selected bond lengths and angles.
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terminal Zr-Cl bond lengths found in other zirconium dichloride complexes. The zirconium units
of 1la are associated weakly which is suggested by one relatively short [2.529(14) A] and one
relatively long [2.7944(13) A] Zr-Clbridge interaction. In { Cl2Zr(NSiHMe 2)2 1248, the Zr-Clbridge
bond lengths are 2.599 and 2.628 A, respectively. One of the nitrogen-phenyl carbon atoms of
Ila weakly interacts with the zirconium metal center (Zr-C(8) = 2.774(4) A) . For comparison, in
[1,2-(NSiiPr 3 )2-C6H4]2Zr49 a relatively strong donation from the arene ring to the zirconium
center was observed (Zr-CIpso-2.60 A).
2.2 Synthesis of Zirconium and Hafnium Alkyl Complexes from Dihalide Precursors
Alkylation of the NON dihalide precursors with alkyl Grignard reagents affords a variety of
dialkyl complexes in 50 - 75% yield (eq 2, Table 2.2). The room temperature 1H NMR spectra of
the dimethyl complexes LZrMe2 (L = tBu-NON 16a, TMS-NON 16b, iPr-NON 16c, tBu-NON*
16d) are virtually identical to those of their titanium counterparts. 16d is highly soluble even in
pentane and was isolated only in -55% yield as a pale yellow amorphous solid. Similar to 10d
and in contrast to complexes containing symmetric NON ligands, the zirconium methyl groups in
16d are diasterotopic and appear as two distinct singlets. Heating a solution of 16d in toluene-d8
to 70 *C did not lead to coalescence or significant broadening of the zirconium resonances. At
temperatures higher than -70 'C decomposition to a mixture of unidentified species occurred within
minutes. The finding that interconversion of the dimethylamide groups in 10d is slow even at
temperatures as high as 120 'C suggests that, if resolved, 10d or 16d might be sufficiently stable
towards racemization on the chemical time scale. While chiral metallocene complexes have been
studied extensively since the discovery of ansa metallocenes by Brintzinger, non-metallocene
analogs have received attention only recently. To date, 1,2-diaminocyclohexane 5 0 and
binaphthylamine51 are the only two chiral bisamide systems that have been reported as ancillary
ligands in group 4 chemistry.
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The X-ray structure of 16a is shown in Fig. 2.4. Complex 16a is trigonal bipyramidal in
the solid state similar to the titanium analog (tBu-NON)TiMe 2 (4a). The equatorial positions are
occupied by the two ligand nitrogen atoms [N(1)-Zr-N(2) = 113.19(14)0] and one methyl group
resulting in a facial coordination mode of the tBu-NON ligand. The other methyl group and the
oxygen are mutually trans [C(2)-Zr-O = 175.48(14)0] in the axial position. The oxygen atom binds
only weakly to the zirconium center [Zr-O = 2.418(3) A]. The Zr-Meax bond is slightly longer
than the Zr-Meeq probably because of a small trans-effect by the oxygen atom. The sum of the
angles about the oxygen atom is ~329' which suggests that the oxygen atom is tetrahedral.
The solid state structure of 16c is similar to that of (iPr-NON)TiiBu 2 5 and is shown in
Fig. 2.5. The geometry around the zirconium center can be described as distorted trigonal
bipyramidal with the chelating amide ligand coordinated in a meridional fashion and the methyl
groups residing in the equatorial plane. Comparing 16a with 16c, it appears that whether the
NON ligand adopts a mer orfac type structure is primarily determined by the steric size of the
amide substituent. The isopropyl hydrogen atoms of 16c point directly between the methyl
groups. If 16a was to adopt the same structure as 16c the additional methyl group would be very
close to the zirconium methyl groups. In order to minimize the steric interaction between the t-
butyl group and the zirconium methyl group the ligand "twists" into afac type structure observed
for 16a. As a result of the zirconium methyl groups being in the equatorial plane the C(1)-Zr(l)-
C(2) angle in 16c is considerably widened [110.7(2)'] compared to 16a [99.2(2)0]. For
comparison, the Me-Zr-Me angle in Cp2ZrMe 2 is 95.6(12).52
The f-hydrogen containing zirconium bisalkyl complexes (tBu-NON)ZrR 2 (R = Et 17a,
nPr 18, iBu 19a) can be isolated as highly pentane soluble, pale yellow solids in -50% yield.
Complexes 17a, 18 and 19a are thermally sensitive. At -25 'C they can be stored in the solid
state for months and in ether solutions for several days without decomposition. At room
temperature C6D 6 or ether solutions decompose slowly within several hours to a mixture of
unidentified products.
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2 RMgX, -25 0C
Table 2.2. Synthesis of zirconium and hafnium dialkyl complexes according to eq 2
Alkylating Solvent LMR 2
Reagent
(tBu-NON)ZrCl 2
(tBu-NON)ZrI 2
(TMS-NON)ZrCl 2
(iPr-NON)ZrCl 2xtol
(tBu-NON*)ZrCl 2
(tBu-NON)ZrCl 2
(iPr-NON)ZrCl 2xtol
(tBu-NON)ZrCl 2
(tBu-NON)ZrCl 2
(iPr-NON)ZrCl 2xtol
(iPr-NON)ZrCl 2xtol
(TMS-NON)HfCl 2
MeMgI
MeMgI
MeMgI
MeMgI
MeMgI
EtMgBr
EtMgBr
nPrMgCl
iBuMgCl
iBuMgCl
NpMgCl
MeMgI
ether
ether
ether
toluene
ether
ether
ether
ether
ether
toluene
toluene
ether
(tBu-NON)ZrMe 2 (16a)
16a
(TMS-NON)ZrMe 2 (16b)
('Pr-NON)ZrMe 2 (16c)
(tBu-NON*)ZrMe 2 (16d)
(tBu-NON)ZrEt 2 (17a)
('Pr-NON)ZrEt2 (17b)
(tBu-NON)ZrnPr 2 (18)
(tBu-NON)ZriBu 2 (19a)
(1Pr-NON)ZrIBu 2 (19b)
('Pr-NON)ZrNp 2 (20)
(TMS-NON)HfMe 2 (21)
Attempts to isolate (TMS-NON)ZrEt 2 failed, as decomposition is too rapid. Upon addition
of the Grignard reagent to ether solutions of 11b, the mixture darkens within minutes and IH
NMR spectra of reaction aliquots show several unidentified species. Although no product could
be isolated, the decomposition likely involves CH activation of one or both TMS groups.
Andersen reported on the activation of the TMS groups upon heating dialkyl complexes of the type
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LMX 2
(2)
Yield (%)
72
72
55
74
55
56
69
50
49
51
70
75
LMX2 LMR2
C(13)
C(14)
C(12)
C (15) C(22)
C(11) C(23)
C(19) C(16) 0 C(21) C(24)
N(O) C(26)
C(17) C 5) C(210)
N(2)
C(110) C(18) C(1 Z r C(27)
C(28)
C(29)
C(2)
Bond Lengths (A) Bond Angles (0)
Zr-C(1) 2.235(5) C(1)-Zr-C(2) 99.2(2)
Zr-C(2) 2.280(5) C(2)-Zr-O 175.48(14)
Zr-O 2.418(3) C(1)-Zr-O 79.8(2)
Zr-N(1) 2.096(4) N(1)-Zr-N(2) 113.19(14)
Zr-N(2) 2.087(4) Zr-O-C(11) 106.7(2)
Zr-O-C(21) 105.2(2)
C(11)-O-C(21) 117.2(3)
Zr-N(1)-C(17) 123.1(3)
Zr-N(2)-C(27) 126.6(3)
Figure 2.4. ORTEP diagram (35% probability level) of (tBu-NON)ZrMe 2 (16a),
selected bond lengths and angles.
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C(19) C( )
C(17) C(12) C1) 1
C(11)
N() C(14)
CZ() C(16) C(15)
ZrN()
0
C(2)
C(26)
N(2) C(25)
C(27) C2) C(24)
C(28) C(22)
C(29) C(23)
Bond Lengths tA) Bond Angles
Zr(l)-C(1) 2.237(4) C(l)-Zr(l)-C(2) 110.7(2)
Zr(l)-C(2) 2.243(4) N(l)-Zr(l)-N(2) 137.70(12)
Zr(l)-N(1) 2.087(3) N(l)-Zr(l)-O 69.07(10)
Zr(l)-N(2) 2.087(3) N(2)-Zr(l)-O 68.80(11)
Zr(l)-O 2.309(2) C(17)-N(1)-Zr(1) 111.5(2)
C(27)-N(2)-Zr(l) 110.3(2)
C(16)-O-Zr(l) 117.1(2)
C(26)-O-Zr(l) 117.5(2)
C(26)-O-C(1 6) 125.3(3)
Figure 2.5. ORTEP diagram (35% probability level) of ( iPr-NON)ZrMe2 (16b),
selected bond lengths and angles.
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(TMS 2N)2ZrR2 (R = Me, Et).2 The product, a dinuclear bridging carbene complex, is shown in
Fig. 2.2.
The thermal stability of (iPr-NON)ZrEt 2 (17b) and (iPr-NON)ZriBu 2 (19b) is very
different. Complex 19b is by far the most stable of all f-hydrogen containing dialkyl complexes
discussed in this chapter. Complex 17b on the other hand cleanly converts to a new diamagnetic
species within a few hours (see section 2.4). Andersen noted that the stability of (TMS 2N) 2ZrEt 2
can be explained mainly because of the steric bulk of the trimethylsilyl ligands pushing the ethyl
groups away from the metal center and thereby preventing them from undergoing f-hydrogen
abstraction. 2,53 While steric properties of the ligand certainly have an effect, it appears, given the
large variety of alkyl complexes prepared in this and other studies, 6,54 that bisamide ligands in
general slow down n-hydrogen abstraction processes and increase the thermal stability of alkyl
complexes on electronic grounds.
One steric effect that may explain the higher stability of 19b compared to 19a is the angle
between the alkyl groups. Following Andersen's reasoning it is plausible to suggest that,
assuming an intramolecular f-hydrogen abstraction process is the preferred pathway of
decomposition, the further the alkyl groups are apart the higher is the kinetic barrier for a 1-
hydrogen abstraction. Although neither 19a nor 19b has been structurally characterized, the X-
ray structures of the dimethyl complexes 16a [Me-Zr-Me = 99.2(2)'] and 16b [Me-Zr-Me =
110.7(2)0] suggest that the Ca-Zr-Ce angle in 19a is smaller than that in 19b. More concrete
evidence for how the reactivity of dialkyl complexes may be increased by lowering the angle
between the alkyl groups will be presented in section 2.5.
When 1la is reacted with one equiv of NpMgCl the mononeopentyl chloride complex
(tBu-NON)ZrNpCl (22) is obtained (eq 3). When one more equivalent of NpMgCl was added to
22 only unreacted starting material was recovered. Reaction of Ila with two equiv of NpLi leads
to a mixture of unidentified products. Apparently the sterically demanding tBu-NON ligand cannot
support two neopentyl groups. In contrast, ('Pr-NON)ZrNp 2 (20) can be prepared in high yield
from NpMgCl and 11c.
56
(tBu-NON)ZrC12 NpMgC1 (tBu-NON)ZrCNp (tBu-NON)ZrNP2 (3)
ether, 2 h
Ila 22
2.3 One-Step Synthesis of a Zirconium NON Dialkyl Complex from ZrCl4
A reaction which utilizes the high reactivity of early transition metal halides towards Lewis
bases was recently applied for the direct synthesis of triamido amine (TREN) molybdenum alkyl
complexes. 5 5 Reaction of H3(TREN) with MoCl 4 (thf)2 results in the formation of an adduct
which reacts with 4 equiv of MeLi to afford directly the molybdenum methyl TREN complex in a
one-pot synthesis. Three equiv of MeLi are used up to deprotonate the ligand to form an amide
bond and the remaining MeLi alkylates the compound. This reaction has proved to be a
remarkably general route into early transition metal amide chemistry.56
An application of this methodology to group 4 is shown in eq 4. When a suspension of
ZrC4 with H2 (iPr-NON) in toluene is stirred the ZrCl4 dissolves and is replaced by another white
precipitate resulting in a thick slurry. This uncharacterized compound is probably a ligand-ZrC4
adduct. Addition of 4 equiv of iBuMgCl produces 19b in good yield. The main advantage of this
route is that expensive LiNMe2 which is used to prepare Zr(NMe 2)4 from ZrCl4 is no longer
needed. This "direct" approach is likely to be useful for preparing other zirconium dialkyl
complexes.
toluene
ZrCl 4 + H2('Pr-NON) - [H 2(Pr-NON)]ZrCl 4
c rt, 5 h (4)
4'BuMgCl 4 g ('Pr-NON)Zr'Bu 2
-25 'C, 30 min
19b
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2.4 Synthesis of a Zirconium Complex with a Bridging Ethylene Ligand
17b is the only --hydrogen containing dialkyl complex discussed in this chapter that
cleanly decomposes to a single diamagnetic species 23 (eq 5). When prepared on a preparative
scale, 23 can be isolated from pentane in ~ 75% yield as small, pale yellow needles. The
isopropyl methine resonance of 23 is shifted (8 = 3.75) compared to the value found for 17b (8 =
4.62). Unlike in 17b the isopropyl methyl groups in 23 are diastereotopic suggesting that two
inequivalent substituents are bound to the zirconium center. Resonances for one ethyl group per
ligand as well as a singlet integrating to two protons are also found in the 1H NMR spectrum. The
NMR data and combustion analysis are consistent with 23 being a dinuclear complex with a
bridging ethylene ligand.
pentane
2 (Pr-NON)ZrEt 2  r [(Pr-NON)ZrEt] 2(L-C 2H4) (5)
rt, 21 h
17b 23
Three bonding modes of the bridging ethylene are conceivable and are shown in Fig. 2.6.
A number of bridging ethylene complexes have been reported in the literature, namely
[MX3(PEt 3)2 2(g--8 2 :jj 2 -C2H4 ) (M = Zr; Hf, X = Cl, Br; A) 57-5 9, (Cp2ZrR)2(t- 2 :Tq2-C2H4) (R
= ClAIEt 360 , Me61 ; B) and { [(SiMe2)2(5-C5H3)2]ZrEt}2(F-2:12-C2H4)62 (B). For structure
type C, i.e., a a-type, end-on coordination mode of the ethylene ligand, no structural evidence has
been obtained, although such a linear coordination mode has been proposed for the propylene
derivative [ZrCl 3(PEt3)2]2(L-CH 2CHMe). 57 Aliphatic JCH coupling constants were found for the
propylene ligand (-129 Hz). The JCH coupling constants of the ethylene bridge in Cp2ZrMe)2 (4-
11 2 :112-C 2 H4 ) and {[(SiMe2) 2 (r15 -C5H 3 )2]ZrEt}2 (t-12:11 2-C 2H 4) are 146 Hz and 141 Hz,
respectively. In 23 the ethylene ligand is olefinic (JCH = 143 Hz). 23 is therefore proposed to be
a complex with a g-1q2 :rj2-type ethylene bridge. Whether 23 has structure A or B cannot be
distinguished at this point.
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The formation of 23 is analogous to that of {[(SiMe 2)2 (ri 5-C 5H 3)2 ]ZrEt}2 (11 2 :r1 2 -
C2H 4). [(SiMe2 )2 (ri5 -C 5H3 )2]ZrCl2 reacts with two equiv of EtMgCl to the spectroscopically
detected diethyl complex and eventually cleanly converts, within 3 h at 0 'C, to the dinuclear
product.
H H H
Zr Zr Zr Zr Zr
H H HH
A B C
Figure 2.6. Binding modes of ethylene in a dinuclear zirconium complex.
2.5 Synthesis of Zirconium Complexes with Terminal Olefin Ligands
When an ether solution of (tBu-NON)ZrEt 2 (17a) is allowed to stand at -25'C in the
presence of excess PMe3, the ethylene adduct (tBu-NON)Zr(7 2 -C2H4 )(PMe 3)2 (24) forms within
less than two days (eq 6). The reaction is probably induced by coordination of PMe3 since no
decomposition of 17a was observed at that temperature in the absence of PMe3. This finding is in
contrast to metallocene chemistry and will be discussed below in detail. Attempts to isolate olefin
adducts from (tBu-NON)ZrnPr 2 (18) or (tBu-NON)ZriBu 2 (19a) failed.
24 was isolated as a red crystalline material in -80% yield. According to IH and 31P NMR
studies, the PMe3 is labile. A variable temperature 3 1P NMR study of 24 in toluene-d8 shows a
broad signal at 6 = -29.9 at 0 'C. At -40 'C this resonance is sharp and in addition a small
resonance, probably free PMe3, appears at 6 = -62.1. The thermal stability of 24 (C6D 6) is
moderate but is higher in the presence of additional PMe3, suggesting that decomposition occurs
via initial loss of PMe3 -
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Nexcess PMe 3, ether Me 3 \
(tBu-NON)ZrEt 2  -25 0C, 38 h 0-Zr J (6)
N PMe 3
17a 24
While an X-ray diffraction study of a single crystal as well combustion analysis of the bulk
material are consistent with the formulation of 24 as an ethylene complex the 1H NMR spectrum is
not fully understood at this point. Small, broad resonances that perhaps correspond to a mono
PMe3 complex are found.
24 is C2 symmetric in the solid state. The X-ray structure is shown in Fig. 2.7. The
coordination geometry around the zirconium center can be described as pseudo-octahedral with the
tBu-NON ligand being bound in a meridional manner and two PMe 3 ligands mutually trans. The
ethylene ligand lies between the P-O-P and the N-O-N plane trans to the oxygen. The Zr-CH 2
distances [Zr(l)-C(lA) = 2.285(3) A, Zr(1)-C(lB) = 2.288(3) A] are slightly shorter compared to
the related zirconocene complex Cp2 Zr(r12 -CH2CH 2)(PMe 3) [Zr-C = 2.354(3) and 2.332(4)
A].2 1 63 The C(lA)-C(lB) bond length in 24 (1.469(4) A) is virtually identical to that in
Cp 2Zr(1r 2 -CH 2 CH2)(PMe3) (1.449(6) A). The Zr-CH 2-CH 2 and the CH 2-Zr-CH 2 angles are also
within the expected range. 24 can therefore be described as a metallacyclopropane, analogous to
metallocene-olefin complexes. The relatively short Zr-O bond [2.295(2) A] is consistent with a
strong interaction, similar to the Zr-O distance in (iPr-NON)ZrMe 2 (16c) [2.309(2) A]. The Zr-N
distances in 24 [2.253(2) A and 2.256(2) A] on the other hand are unusually long [Zr-N in 16c:
2.087(3) A]. The Zr-P bonds in 24 [2.8284(7) and 2.8100(7) A] are notably longer than the Zr-P
bond in Cp2Zr(CH 2CH 2 )(PMe3) (2.695(1) A). It appears that while the oxygen atom interacts
strongly with the metal center both the Zr-N and the Zr-P bonds are weakened due to steric
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crowding as well as competition for available orbitals in the N-P-N-P plane. Consistent with the
weak Zr-P bond is the lability of PMe3 in solution. It remains unclear, however, why an
octahedral coordination environment is energetically favored.
Upon addition of PMe3 to a C6D6 solution of ('Pr-NON)ZrIBu 2 (19b), a downfield shift
of the 1H resonances of the isobutyl methyl groups is observed. The solution symmetry of 19b
remains C2v on the NMR time scale. A 3 1P VT NMR study of a toluene-d8 solution of 19b in the
presence of PMe3 (-3 equiv) revealed that PMe 3 rapidly exchanges with the zirconium metal
center: At room temperature one sharp singlet is observed at 8 = -59.3. At -60 'C this resonance is
broad, and at -80 'C two broad resonances appear, one at 6 = -49.2 (coordinated PMe 3), the other
at 8 = -61.7 (free PMe3). At -90 'C the resonances sharpen and further splitting of the downfield
resonance is observed. Possibly, different isomers of the 19b-PMe 3 adduct are frozen out at this
temperature. Upon cooling (-25 *C) of a pentane solution of 19b in the presence of excess PMe3 ,
pale yellow crystals precipitated. Combustion analysis and 1H NMR spectroscopy show that the
mono PMe3 adduct (iPr-NON)ZriBu 2 (PMe3) (25) had formed (eq 7). The 1H NMR spectrum of
25 is concentration dependent which is expected for PMe 3 exchange. Dilute solutions (-0.013M,
C6D6 ) show resonances of 19b. When the solution is more concentrated (-0.13M, C6 D6), the
isobutyl signals are shifted towards the values observed when an excess of PMe 3 is present.
An X-ray study of a single crystal of 25 (Figure 2.8) revealed that the PMe 3 is coordinated
in the lateral position, that is cis to the oxygen atom. All metal-to-ligand bonds of 25 are elongated
(by -0.02 - 0.04 A) compared to the dimethyl complex (iPr-NON)ZrMe 2 16c which is expected
for a sterically more crowded molecule. Although the Zr-PMe 3 interaction is rather weak [Zr-P =
3.0326(11) A], the octahedral geometry enforces a considerably smaller Ca-Zr-Ca angle [C(l)-
Zr-C(5) = 97.33(13)0] compared to 16c [Me-Zr-Me = 110.7(2)'].
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C(22) C(OO)
C(21)
CC(23)
C ( 2 3o nC( 9 )  ( 1 1 )
C(33) P(2.28 () C(4)- C(8) C(12)
C(34) C.8 ()C( 0 C(5) C ( )
C(31) N(O)
Zr()-(C)2.62) N(2)()N1 3.47
ZrC2.5Zr(2) \N(2)C(43)
C(5A) C(41)
C(14)
C(13) C(42)
C(1B)C(44)
Bond Lengths (A) Bond Angles
Zr(l)-C(1A) 2.285(3) C(lA)-Zr-C(IB) 37.48(10)
Zr(1)-C(lB) 2.288(3) C(lA)-C(lB)-Zr(l) 71.14(14)
C(1A)-C(IB) 1.469(4) C(IB)-C(lA)-Zr(l) 71.38(14)
Zr(l)-N(l) 2.256(2) N(2)-Zr(l)-N(l) 137.94(7)
Zr(l)-N(2) 2.253(2) Zr(l)-N(l)-C(3 1) 126.0(2)
Zr(l)-O 2.295(2) Zr(l)-N(2)-C(41) 128.1(2)
Zr(l)-P(l) 2.8284(7)
Zr(l)-P(2) 2.8100(7)
Figure 2.7. ORTEP diagram (35% probability level) of (tBu-NON)Zr(,q 2-C2H4)(PMe3)2 (24),
selected bond lengths and angles.
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19b 25
The rapid exchange of PMe3 in solution described above suggests that the cis-isobutyl
isomer 25 is the thermodynamic rather than the kinetic product, although it is possible that the
trans isomer is present in solution to some extent. Cp2ZrMe 2 does not form an adduct with PMe3
which is believed to be unfavorable for steric reasons. 15, 16 For smaller substituents such as
hydrides a central coordination of PMe 3 to zirconium has been observed. 64 In general, the central
orbital in dO metallocene complexes is believed to be the Lewis acidic one. 19 An exception is the
reaction of CO with zirconocene dialkyl and diaryl complexes. Low temperature NMR and IR
studies by Erker and co-workers showed that initially CO inserts into one of the two zirconium
carbon bonds to give a lateral r12-acetyl complex which rearranges at higher temperature to the
thermodynamically more stable central product. 65,66
When a solution of 19b in neat PMe3 is heated to 37 'C the isobutylene adduct (iPr-
NON)Zr(ri 2 -CH 2CMe2)(PMe 3)2 (26) can be isolated in -59% yield (eq 8). The reaction must be
performed in the absence of light, otherwise decomposition is observed. Room temperature 1H,
13C and 3 1P NMR spectra (C6D6) of 26 show two, broad PMe3 resonances. All other resonances
are sharp. The isobutylene ligand appears as two singlets at 5 = 1.94 and 8 = 0.96. The isopropyl
methyl groups are diastereotopic whereas the methine protons are equivalent indicating that the
molecule is Cs symmetric on the NMR time scale with the isobutylene in the plane of symmetry
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C(30)
C(19) C(10)
P
C(20) Legh7) A) Bn C(15)
C(18) C(11)C(12) 9 C(14)
C ( ) 2 8 C 3 C(13)
Zr-P 3.3(11)C( C(23) 7.7(9
(2)N 1Z)r 2 1 7 3 C (2 1)0 
C (2 2 ) C (2 4 )
Z(2) 2N13() C(21)-rO177(2
C (28) CP(5) C(25)
C2() 
C(26)
ZrN()-(7) 11.82
C(29)
Bond Lengths (A) Bond Angles(
Zr-C(1) 2.280(3) C(1)-Zr-C(5) 97.33(13)
Zr-C(5) 2.268(4) C(1)-Zr-O 154.69(12)
Zr-P 3.0326(11) C(l)-Zr-P 77.78(9)
Zr-N(l) 2.107(3) P-Zr-O 77.30(7)
Zr-N(2) 2.113(3) C(5)-Zr-O 107.77(12)
Zr-O 2.329(2) P-Zr-C(5) 174.44(10)
N(l)-Zr-N(2) 137.27(12)
Zr-N(1)-C(17) 112.1(2)
Zr-N(2)-C(27) 114.8(2)
Figure 2.8. ORTEP diagram (35% probability level) of ('Pr-NON)Zr Bu2,(PMe3) (25),
selected bond lengths and angles.
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and perpendicular to the N-O-N plane. The isobutylene ligand does not rotate freely about the Zr-
0 axis which would render 26 C2v symmetric with chemically equivalent isopropyl groups. The
room temperature 3 1P NMR spectrum features one broad resonance at 8 = -26.0 (coordinated
PMe3 ) and another at 6 = -60.1 (free PMe3) indicating that PMe3 is labile. However, the PMe3
exchange is clearly faster in 26 than in 24. For 24 a resonance for coordinated PMe3 can only be
seen at low temperature. While at room temperature C6D6 solutions of 26 are stable in solution for
several hours, notable decomposition was observed at 40 'C. The amount of free PMe 3 ,
qualitatively, increased in the 3 1P NMR spectrum at this temperature. This finding suggests that,
similar to 24, a pseudo-five coordinate olefin complex is unstable.
Q N xj"N
neat PMe 3
S- Z37C, o - zr (8)
-
C PMe3
19b 26
Zirconium olefin complexes of the type Cp2Zr(fl 2-CH2 CHR)(PMe 3) (R = H, Me, Et) have
been known for some time. 2 1,4 0,63 26 is the first example of a stable zirconium complex bearing a
1,1-disubstituted olefin. The first group 4 isobutylene complex, Cp 2Hf(fl 2-CH2CMe2)(PMe 3 ),
was reported by Buchwald and co-workers. 67 In the case of zirconium, activation of the Cp ligand
and formation of [g-71 1: 5 -C5H4 )(15-C5H5)Zr(PMe 3)]2 was observed.
The solid state structure of 26 (Fig. 2.9.) is similar to that of the ethylene complex (tBu-
NON)Zr(1 2 -C2H 4)(PMe 3)2 (24). 26 is pseudo-octahedral with the iPr-NON ligand adopting the
mer conformation and two PMe 3 molecules coordinated trans to one another. Similar to
Cp 2Hf(r12-CH 2 CMe2)(PMe 3), the Zr-C distance of the tertiary carbon is slightly longer than that
of the primary carbon [Zr(l)-C(l) = 2.327(5) A, Zr(1)-C(2) = 2.291(6) A]. The Zr-P bond
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C(28)
C(24) C(25) C(31) C(27) C(29) C(33)
C(23) C(26) N(2)' P(3)C(
C(22) C(21)C
CC(3)
C(424C(1
C(13)6)C(41))
C(43)
C(14) C(15) C(17
C(19)
C(18)
Bond Lengths (A) Bond Angles (0)
Zr(1)-C(1) 2.327(5) N(l)-Zr(l)-N(2) 136.7(2)
Zr(l)-C(2) 2.291(6) P(2)-Zr(l)-P(3) 160.55(5)
C(1)-C(2) 1.457(8) P(2)-Zr(l)-C(2) 78.1(2)
Zr(1)-P(2) 2.790(2) P(3)-Zr(1)-C(1) 84.7(2)
Zr(1)-P(3) 2.803(2) C(3)-C(1)-C(4) 107.7(5)
Zr(1)-N(l) 2.170(4)
Zr(1)-N(2) 2.161(4)
Zr-O 2.367(3)
Figure 2.9. ORTEP diagram (35% probability level) of ('Pr-NON)Zr(r12 -CH 2CMe2)(PMe3) 2 (26),
selected bond lengths and angles.
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lengths are almost equal indicating that there is not much steric repulsion which might destabilize
26 because of the presence of a tertiary carbon center. In fact, the Zr-P as well as the Zr-N
distances in 26 are shorter compared to 24 while the reverse trend is observed for the Zr-O bond
presumably because of the sterically more demanding t-butyl groups in 24. In addition, the N-tBu
groups in 24 [Zr-N-tBu = 126.0(2) and 128.1(2)0] are more bent away from the metal center then
the N-iPr groups are in 26 [Zr(l)-N(1)-C(17) = 118.8(3) ', Zr(l)-N(2)-C(27) = 120.7 ],
explaining why PMe 3 is more labile in 24 than in 26.
2.6 Mechanism of Olefin Complex Formation
PMe 3 initially binds to 19b, which rules out a mechanism in which an isobutylene species
is initially formed and then trapped by PMe3, which is believed to be the pathway in zirconocene
chemistry. Kinetic studies by Negishi and co-workers showed that the rate of zirconium dialkyl
decomposition is independent of the amount of PMe3 present.16
Possible mechanisms for the formation of 26 are shown in Scheme 2.1. In principle, an
intermediate with PMe3 trans to the oxygen atom could lead to 26 (Path A). In this case a radical
pathway with a Zr(III) species or activation of the ligand (not shown in Scheme 2.1) would lead to
the product. The absence of light in the synthesis of 26 and the generally low tendency of Zr(IV)
to be reduced make a homolytic Zr-C bond cleavage seem unlikely. Activation of a ligand CH
bond is thermodynamically unfavorable: ('PrNON)ZrMe 2 which could react in an analogous
fashion is stable in PMe 3. The bisphosphine adduct shown in Scheme 2.1 (Path C) is unlikely due
to severe steric crowding in a seven-coordinate species. This leaves Path B with 25 as the reactive
intermediate followed by a hydrogen abstraction between the two neighboring isobutyl groups.
Whether the c, P- or y-hydrogen atom is initially abstracted cannot be unambiguously determined
at this point, although the proximity of the P hydrogen to the Zr-Ca in the solid state structure of
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Scheme 2.1. Possible mechanisms of PMe 3-induced formation of ('Pr-NON)Zr(11 2
-CH 2CMe2)(PMe 3)2-
-IN
N
19b
25 suggests hat a -hydrogen abstraction process is operative, leading to an isobutylene species
which is finally captured by a second equivalent of PMe3.
The mechanism outlined in Scheme 2.1 appears to be general for the conversion of NON
type dialkyl complexes to olefin adducts. 17a is stable at -25 'C in ether but cleanly converts to 24
at the same temperature in the presence of PMe3. Although kinetic data have not been obtained at
this point, preliminary experiments show that PMe3 containing C6D6 solutions of 17b react within
minutes to the iPr-NON ethylene adduct analogous to 24.10 In the absence of PMe 3, several
hours are needed for converting 17b to 23.
Conclusions
A variety of dialkyl complexes supported by NON ligands can be prepared. It appears that
diamido ligands slow down P elimination processes on electronic grounds, although one important
steric factor appears to be the angle between the alkyl groups. In general, complexes supported by
NON ligands appear to be more thermodynamically robust than their zirconocene counterparts.
In contrast to zirconocene chemistry, PMe 3 binds to NON alkyl complexes inducing the
formation of olefin adducts. A mono PMe 3 adduct of a zirconium diisobutyl complex, (iPr-
NON)ZrIBu 2 (PMe 3) (25), can be isolated. An X-ray study of 25 revealed that the isobutyl
groups are cis to each other. An isobutylene complex, ('Pr-NON)Zr(fl 2-CH 2CMe2 )(PMe 3)2 (26),
of which no example is known in zirconocene chemistry, can be isolated.
Zirconium tBu-NON complexes that are C1 symmetric in solution (1H NMR time scale)
can be prepared when the position ortho to the ligand oxygen atom is blocked by a methyl group.
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Experimental Section
General Procedures. Unless otherwise noted all manipulations were performed under
rigorous exclusion of oxygen and moisture in a dinitrogen-filled glove-box or using standard
Schlenk procedures. Ether, THF, and pentane were sparged with dinitrogen followed by passage
through 2 1-gallon columns of activated alumina. Toluene and benzene were distilled from
benzophenone ketyl. Methylene chloride was distilled from CaH 2. NMR spectra are taken on
Varian instruments (75.4 or 125.8 MHz, 13C; 300 or 500 MHz, 1H; 121.4 or 202.5 MHz, 3 1p).
1H NMR spectra are referenced versus residual protons in the deuterated solvents as follows: 6 =
7.15 C6 D6, 6 = 7.27 CDCl 3 , 6 = 5.32 CD 2Cl 2, 6 = 2.09 toluene-d8 (CD 2 H), 6 = 7.29 C6D 5Br
(most upfield resonance). 13C NMR spectra are referenced as follows: 6 = 128.4 C6D6 , 6 = 77.2
CDCl 3 , 6 = 54.0 CD 2Cl2 , 6 = 137.9 toluene-d8, 6 = 122.3 C6D 5Br (Cipso). 3 1P NMR spectra are
referenced versus an external standard of 85% H3PO 4 (6 = 0). All NMR spectra were taken at
room temperature unless otherwise noted. Temperatures during variable temperature NMR studies
were not calibrated. Assignments of aromatic ligand resonances in 1H and 13C spectra are not
given. Coupling constants unless necessary for the identification of a compound are not given.
Zr(NMe 2)4 4 1, Hf(NMe2 )468 were prepared according to literature procedures from LiNMe 2
(Aldrich) and ZrCl 4 (Reactor Grade, Strem) and HfC14 (99%, <2000 ppm Zr, CERAC).
NpMgCl 32 was prepared according to a literature procedure. PMe 3 (Strem) and 1,4-dioxane
(anhydrous, Aldrich) were stored under dinitrogen over 4A molecular sieves. All other reagents
were used as received. C6D6 and toluene-d8 (Cambridge Isotope Laboratories) were degassed
with dinitrogen and dried over 4A molecular sieves for ~1 day prior to use. CD 2Cl 2 (Cambridge
Isotope Laboratories) was stirred over CaH2 for several days, vacuum transferred and stored under
dinitrogen over 4A molecular sieves. C6D 5Br (Aldrich) was filtered through activated alumina and
stored under dinitrogen over 4A molecular sieves. High resolution mass spectra were recorded at
the MIT Department of Chemistry Instrumentation Facility. Elemental analyses were performed in
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our laboratories on a Perkin Elmer 2400 CHN analyzer or at H. Kolbe, Mikroanalytisches
Laboratorium (Mihlheim an der Ruhr, Germany).
(tBu-NON)Zr(NMe 2)2 (10a). H2(tBu-NON) (la) (6.48 g, 20 mmol) and Zr(NMe 2 )4
(5.34 g, 20 mmol) were dissolved in pentane (40 mL). Upon standing at room temperature
colorless crystals precipitated. After 2 days the solid was filtered off (6.9 g). The supernatant was
concentrated and cooled to -35 'C overnight yielding a second crop of colorless solid (1. 15 g); total
yield 8.05 g (80%): 1H NMR (C6D6) 8 6.97 (m, 6H), 6.55 (m, 2H), 2.94 (s, 12H, NMe2), 1.33
(s, 6H, C(CD3)2Me); 13C NMR (C6D 6 ) 8 147.8, 145.7, 125.6, 122.4, 118.3, 117.8, 57.0
(C(CD 3)2Me), 43.6 (NMe2 ), 32.1 (C(CD3)2 Me), 32.0 (m, C(CD 3 )2Me). Anal. Calcd for
C2 4H26 D12N 4OZr: C, 57.43; H, 7.57; N, 11.16. Found: C, 57.56; H, 7.76; N, 11.16.
(tBu-NON)ZrC12 (Ila). TMSCL (1.5 g, 13.74 mmol) was added to a suspension of
(tBu-NON)Zr(NMe 2 )2 (10a) (2.295 g, 4.58 mmol) in ether (50 mL). After stirring the mixture at
room temperature for 20 h all volatile components were removed from the mixture in vacuo and the
yellow solid was washed with pentane (10 mL) and dried; yield 2.06 g (93%). An analytically
pure sample was obtained by crystallization from ether. For alkylation reactions the crude material
was used without further purification: 1H NMR (C6D6 ) 8 6.79 (m, 6H), 6.54 (m, 2H), 1.29 (s,
6H, C(CD3 )2Me). 13 C NMR (C6D 6 ) 8 147.1, 141.0, 127.4, 122.8, 122.4, 118.9, 58.7
(C(CD 3)2Me), 30.6 (C(CD3 )2Me), 30.1 (m, C(CD 3)2Me). Anal. Calcd for C20H14Cl2 D12N2 OZr:
C, 49.77; H, 5.43; N, 5.80. Found: C, 49.84; H, 5.21; N, 5.68.
(tBu-NON)ZrI 2 (12). A Schlenk tube was charged with (tBu-NON)Zr(NMe 2 )2 (10a)
(3.5 g, 7.0 mmol), methyl iodide (15 g, 106 mmol), and toluene (100 mL). The pale yellow
solution was heated to 50 'C for two days, during which time white Me 4NI precipitated from the
reaction and the color of the solution turned bright orange. The Me4 NI was filtered off, the
solvents were removed from the filtrate in vacuo, and the residue was washed with pentane (10
mL) to afford a yellow solid. The crude product can be recrystallized from toluene layered with
pentane, but was used in subsequent reactions without further purification; yield 4.14 g (89%): 1H
NMR (C6 D6 ) 6 6.79 (m, 6H), 6.56 (m, 2H), 1.36 (br s, 6H, C(CD 3 )2CH 3 ); 13C NMR (C6D6 ,
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700 C) 5 146.8, 139.4, 127.9, 124.0, 123.3, 119.4, 60.2 (m, C(CD 3 )2 CH 3 ), 31.3
(C(CD3 )2 CH3 ), 30.7 (m, C(CD 3)2 CH3). Anal. Calcd for C2 0H1 4D 12I2 N2 OZr: C, 35.98; H,
3.93; N, 4.20. Found: C, 35.71; H, 3.94; N, 3.88.
(TMS-NON)ZrC12 (11b), (TMS-NON)Zr(NMe 2 )2 (10b). H2 (TMS-NON) (1b)
(1.29 g, 3.75 mmol) and Zr(NMe2)4 (1.00 g, 3.75 mmol) were dissolved in pentane (10 mL) at
room temperature. After 18 h all volatile components were removed in vacuo. The off-white
residue, identified as (TMS-NON)Zr(NMe 2)2 (IH and 13C NMR), was dissolved in ether (20 mL)
and TMSCL (1.4 mL, 11.25 mmol) was added. After a few minutes a solid began to precipitate.
After 90 min the volume of the mixture was reduced to ~10 mL and pentane (20 mL) was added.
Copious amounts of pale yellow powder precipitated. After removal of all volatiles the yellow
powder was washed with pentane (10 mL) and then dried in vacuo; yield 1.85 g (97%). An
analytically pure sample was obtained by recrystallization from hot toluene. 11b: IH NMR
(CD 2 Cl2 ) 5 7.19 (m, 4H), 6.96 (m, 2H), 6.81 (dd, 2H), 0.24 (s, 18H, SiMe 3). 13C NMR
(CD2 Cl2 ) 6 147.85, 142.14, 127.98, 122.89, 122.54, 118.97, 1.07 (SiMe3). Anal. Calcd for
C18 H2 6 Cl2 N2 OSi2 Zr: C, 42.84; H, 5.19; N, 5.55. Found: C, 43.07; H, 5.15; N, 5.49. 10b:
1H NMR (C6D6) 5 6.91 (m, 6H), 6.55 (m, 2H), 2.93 (s, 12H, NMe2), 0.24 (s, 18H, SiMe 3).
13C NMR (C6D6 ) 5 148.3, 146.4, 126.1, 123.3, 119.1, 117.6, 43.1, 2.4.
(iPr-NON)ZrCI2xto1 (11c), (iPr-NON)Zr(NMe 2 )2 (10c). H2 (iPr-NON) (1c)
(3.02 g, 10.6 mmol) and Zr(NMe2)4 (2.84 g, 10.6 mmol) were dissolved in pentane (40 mL).
The solution was stirred at room temperature for 3 h. All volatile components were removed in
vacuo. Traces of HNMe2 were removed by repeated trituration with pentane and gentle heating of
the reaction flask. A pale yellow oil was obtained which was identified as ('PrNON)Zr(NMe 2 )2
(1H and 13C NMR). To this oil toluene (40 mL) and TMSC1 (2.9 g, 26.7 mmol) were added. The
solution quickly turned bright orange upon standing at room temperature. After 14 h small
amounts of a solid were filtered off and pentane (40 mL) was added to the filtrate. The flask was
swirled in order to mix the layers and the solution was then stored at -25 'C. A yellow, sometimes
crystalline solid precipitated. The solid was filtered off and recrystallized from a mixture of toluene
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and pentane at -25 0C to give a yellow crystalline solid; yield 4.11 g (72%). 11c: 1H NMR
(CD 2C12, toluene resonances not given) 6 7.67 (d, 2H), 7.08 (t, 2H), 6.83 (d, 2H), 6.77 (t, 2H),
4.66 (sept, 2H, CHMe2), 1.52 (d, 12H, CHMe2 ). 13C NMR (CD 2Cl 2 , toluene resonances not
given) 6 148.2, 143.4, 126.1, 117.7, 114.7, 113.8, 48.9 (CHMe 2 ), 20.0 (CHMe2). Anal. Calcd
for C2 5H30 Cl 2N 2 OZr: C, 55.95; H, 5.63; N, 5.22. Found: C, 55.84; H, 5.61; N, 5.27. 10c:
1H NMR (C6 D 6) 8 7.30 (d, 2H), 7.02 (t, 2H), 6.77 (d, 2H), 6.43 (t, 2H), 3.91 (sept, 2H,
CHMe 2), 2.78 (s, 12H, NMe 2), 1.31 (d, 12H, CHMe2 ). 13C NMR (C6D 6) 6 148.0, 144.7,
126.4, 115.0, 113.8, 113.7, 51.2, 42.3, 23.9 (CHMe2).
(tBu-NON*)Zr(NMe 2)2 (10d). A solution of H2 (tBu-NON*) (1d) (5.00 g, 14.2
mmol) and Zr(NMe 2)4 (3.79 g, 14.2 mmol) in toluene (40 mL) was heated in a sealed Schlenk
tube to 105 'C for 3 days. All volatile components were then removed in vacuo. Recrystallization
of the light orange residue from pentane at -25 0C produced pale yellow microcrystalline material in
4 crops; yield 4.97 g (66%). 1H NMR (C6D 6) 6 7.13 (d, 1H), 6.88 (t, 1H), 6.72 (s, 1H), 6.62
(d, 1H), 6.53 (t, 1H), 6.35 (s, 1H), 3.15 (s, 6H, NMe 2 ), 2.82 (s, 6H, NMe 2 ), 2.21 (s, 3H,
ArMe), 2.17 (s, 3H, ArMe), 1.51 (s, 3H, C(CD3 )2Me), 1.20 (s, 3H, C(CD3 )2Me). 13 C NMR
(C6D6 ,) 6 149.4, 146.3, 144.2, 143.0, 135.6, 130.4, 124.2, 122.5, 121.4, 120.8, 119.4, 113.3,
57.5 (m, C(CD 3)2Me), 56.7 (m, C(CD 3)2Me), 45.3 (NMe2), 42.3 (NMe2), 32.3 (C(CD3)2Me),
32.1 (C(CD3)2Me), 31.7 (m, C(CD 3)2Me), 22.3 (ArMe), 16.6 (ArMe). Anal Calcd for
C26H 3OD1 2N 4OZr: C, 58.93; H, 7.99; N, 10.57. Found: C, 59.21; H, 8.10; N, 10.38.
(tBu-NON*)ZrC 2 (11d). TMSC (2.55 g, 23.5 mmol) was added to a suspension of
(tBu-NON*)Zr(NMe 2 )2 (10d) (4.59 g, 8.66 mmol) in ether (60 mL). After stirring the mixture at
room temperature for 20 h all volatile components were removed in vacuo leaving analytically
pure, bright yellow powder (4.31 g, 97%). IH NMR (C6D6) 6 6.77 (m, 2H), 6.52 (s, 1H), 6.47
(d, 2H), 6.38 (s, 1H), 2.18 (s, 3H, ArMe), 2.0 (s, 3H, ArMe), 1.53 (s, 3H, C(CD3)2Me), 1.12
(s, 3H, C(CD3)2Me). 13 C NMR (C6D 6) 6 149.2, 141.9, 141.0, 139.0, 131.6, 125.8, 125.3,
122.3, 121.9, 120.9, 114.6 (only 11 aromatic resonances were observed), 59.2 (C(CD3) 2Me),
58.2 (C(CD 3)2 Me), 30.9 (C(CD3)2Me), 30.5 (C(CD3)2Me), 30.0 (m, C(CD3)2Me), 22.0 (ArMe),
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16.9 (ArMe). Anal. Calcd for C2 2Hl8Dl 2Cl2N 2 OZr: C, 51.54; H, 5.90; N, 5.46. Found: C,
51.88; H, 6.07; N, 5.47.
(tBu-NON)Hf(NMe 2 )2 (13). Hf(NMe 2)4 (545 mg, 1.54 mmol) was added to a
solution of H2(tBu-NON) (la) (498 mg, 1.54 mmol) in toluene (6 mL). The mixture was heated
to 60 'C in a sealed Schlenk tube. After 3 days all volatile components were removed in vacuo.
The waxy off-white residue was transferred onto a frit and washed with pentane (-4 mL).
Recrystallization from ether at -25 'C yielded colorless crystals; 554 mg (61%): 1H NMR (C6D6) 6
7.06 (d, 2H), 6.96 (m, 4H), 6.55 (m, 2H), 3.00 (s, 12H, NMe 2 ), 1.33 (s, 6H, CMe(CD3) 2).
13 C NMR (C6 D 6 ) 8 147.7, 145.3, 125.8, 123.3, 118.5, 117.9, 57.2 (C(CD 3 )2 Me), 43.3
(NMe2), 32.2 (C(CD3)2Me), 31.7 (m, C(CD 3)2Me). Anal. Calcd for C24H26D 12ON 4Hf: C,
48.93; H, 6.50; N, 9.51. Found: C, 49.08; H, 6.54; N, 9.51.
(TMS-NON)HfC 2 (15), (TMS-NON)Hf(NMe 2 ) 2 (14). A solution of
Hf(NMe 2)4 (1.60 g, 4.51 mmol) and H2 (TMS-NON) (1b) (1.55 g, 4.51 mmol) in pentane (30
mL) was allowed to stand at room temperature for 3 days. All volatile components were then
removed in vacuo. The colorless residue, identified as (TMS-NON)Hf(NMe 2 )2 (IH and 13 C
NMR), was redissolved in ether (30 mL) and TMSCl (1.5 mL, 11.8 mmol) was added to this
solution. The reaction mixture was stirred at room temperature for 2 days and the solvent was then
removed in vacuo. Recrystallization at -25 'C of the residue from boiling methylene chloride
produced colorless microcrystalline material; yield 2.09 g (78%). 15: 1H NMR (CD 2Cl2) 6 7.19
(m, 4H), 6.93 (t, 2H), 6.86 (d, 2H), 0.22 (s, 18H, SiMe3 ). 13C NMR (CD 2CL2) 6 147.8, 141.7,
128.1, 123.7, 122.0, 118.9, 1.3 (SiMe 3). Anal. Calcd for C1 8H26Cl 2 HfN 2OSi 2 : C, 36.52; H,
4.43; N, 4.73. Found: C, 36.35; H, 4.39; N, 4.70. NMR data for 14: 1H NMR (C6D 6) 6 6.92
(m, 6H), 6.55 (t, 2H), 3.00 (s, 12H, NMe2), 0.24 (s, 18H, SiMe3). 13 C NMR (C6D6 ) 6 148.3,
145.8, 126.3, 124.1, 119.3, 117.8, 42.9 (NMe2 ), 2.5 (SiMe3).
(tBu-NON)ZrMe 2 (16a) from (tBu-NON)ZrI 2 (12). A solution of MeMgI in
ether (2.8 M, 2.3 mL) was added to a suspension of (tBu-NON)ZrI 2 (2.119 g, 3.17 mmol) in
ether (50 mL) at -35 'C. The reaction mixture was allowed to warm to room temperature and was
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stirred until the yellow solid was replaced by white precipitate (30 min). All volatile solvents were
then removed in vacuo and the off-white residue was extracted with pentane (50 mL). The extract
was filtered and the pentane was removed in vacuo. The crude product was recrystallized from a
mixture of pentane and ether to afford pale yellow crystals; yield 1.02 g (72%): IH NMR (C6D6)
6 6.90 (m, 6H), 6.53 (m, 2H), 1.36 (s, 6H, C(CD3 )2 Me), 0.84 (s, 6H, ZrMe2); 13C NMR
(C6 D 6) 6 148.1, 142.9, 126.5, 122.5, 120.1, 119.3, 57.0 (C(CD 3 )2Me), 45.6 (ZrMe2), 31.1
(C(CD3)2Me), 30.6 (m, C(CD3)2Me). Anal. Calcd for C22H20D12N2OZr: C, 59.54; H, 7.21; N,
6.31. Found: C, 59.81; H, 7.19; N, 6.39.
16a from (tBu-NON)ZrC 2 (Ila). A solution of MeMgI in ether (3.0 M, 1.4 mL)
was added to a suspension of (tBu-NON)ZrC 2 (1.00 g, 2.07 mmol) in ether (20 mL) at -25 'C.
The reaction mixture was stirred for 5 min without further cooling. All volatile solvents were then
removed in vacuo and the residue was extracted with pentane (20 mL) for 15 min. The extract was
filtered and the pentane was removed in vacuo . Recrystallization of the residue from ether at -25
'C produced pale yellow crystals; yield 664 mg (72%).
(TMS-NON)ZrMe2 (16b). A solution of MeMgI in ether (3.0 M, 710 .tL) was added
to a suspension of (TMS-NON)ZrCl2 (11b) (535 mg, 1.06 mmol) in ether (10 mL) at -25 'C. The
reaction mixture was allowed to warm to room temperature and was stirred for 20 min. All volatile
solvents were then removed in vacuo and the residue was extracted with pentane (10 mL) for 15
min. The extract was filtered and the pentane was removed in vacuo to. Recrystallization of the
residue from ether/ pentane at -25 'C produced colorless crystals; yield 288 mg (55%). 1H NMR
(C6D 6) 6 6.85 (m, 6H), 6.54 (m, 2H), 0.82 (s, 6H, ZrMe2) 0.26 (s, 18H, SiMe3); 13 C NMR
(C6D6 ) 6 148.73, 143.94, 126.85, 123.16, 120.66, 118.94, 47.19 (ZrMe2), 1.53 (SiMe3). Anal.
Calcd for C20H 32Si 2N2 OZr: C, 51.79; H, 6.95; N, 6.04. Found: C, 51.49; H, 7.20; N, 6.04.
(iPr-NON)ZrMe2 (16c). A solution of MeMgI in ether (1.25 mL, 3.0 M) was added to
a suspension of (iPr-NON)ZrCl2xtol (11c) (1.01 g, 1.88 mmol) in toluene (20 mL) at -25 'C.
The mixture was allowed to warm to room temperature and was stirred for 30 min. 1,4-Dioxane
(0.35 g, 4 mmol) was added and the mixture was filtered through Celite. The pale yellow solution
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was concentrated to -5 mL and layered with pentane (-10 mL). The mixture was stored at -25 'C
overnight. 565 mg (74%) of an off-white microcrystalline solid were isolated. An X-ray quality
crystal was obtained from a pentane solution at -25 'C. 1H NMR (C6D6) 6 7.35 (d, 2H), 6.92 (t,
2H), 6.73 (d, 2H), 6.41 (t, 2H), 4.65 (m, 2H, CHMe 2 ), 1.53 (d, 12H, CHMe2), 0.43 (s, 6H,
ZrMe2). 13C NMR (C6D6 ) 6 147.4, 144.8, 125.7, 115.3, 114.2, 113.0, 46.6 (CHMe2 ), 41.6
(ZrMe2), 21.0 (CHMe2 ). Anal. Calcd for C20H 2 8N 2OZr: C, 59.51; H, 6.99; N, 6.94. Found:
C, 59.49; H, 6.87; N, 6.87.
(iBu-NON*)ZrMe 2 (16d) A solution of MeMgI in ether (3.0 M, 1.3 mL) was added
to a suspension of (tBu-NON*)ZrC 2 (ld) (1.00 g, 1.95 mmol) in ether (20 mL) at -25 'C. The
reaction mixture was stirred for 5 min without further cooling. All volatile solvents were then
removed in vacuo and the residue was extracted with pentane (20 mL) for 5 min. The extract was
filtered and the pentane was removed in vacuo . Crystallization of the foamy, very soluble residue
from a concentrated solution of ether/ pentane (- 1-2 mL) at -25 'C produced analytically pure, pale
yellow, somewhat waxy material; yield 503 mg (55%). 1H NMR (C6D6) 6 6.92 - 6.77 (m, 3H),
6.56 - 6.38 (m, 3H), 2.15 (s, 3H, ArMe), 2.11 (s, 3H, ArMe), 1.63 (s, 3H, C(CD3)2Me), 1.16
(s, 3H, C(CD3)2Me), 0.89 (s, 3H, ZrMe), 0.81 (s, 3H, ZrMe). 13C NMR (C6D 6 ) 6 149.6,
142.9, 142.5, 141.8, 137.5, 131.6, 124.5, 123.7, 122.4, 120.4, 119.5, 114.9, 57.3
(C(CD 3)2 Me), 56.7 (C(CD 3)2Me), 45.7 (ZrMe), 44.1 (ZrMe), 31.5 (C(CD3)2Me), 31.1 (m,
C(CD 3 )2 Me), 30.7 (C(CD3 )2 Me), 22.1 (ArMe), 17.0 (ArMe). Anal. Calcd for
C24 H24D1 2N2OZr: C, 61.09; H, 7.69; N, 5.94. Found: C, 61.12; H, 8.06; N, 6.08.
(tBu-NON)ZrEt 2 (17a). A solution of EtMgBr in ether (3.0 M, 1.4 mL) was added to
a suspension of (tBu-NON)ZrCl 2 (Ila) (1.00 g, 2.07 mmol) in ether (20 mL) at -25 *C. The
reaction mixture was stirred for 5 min without further cooling. All volatile solvents were then
removed in vacuo and the residue was extracted with cold pentane (20 mL) over a period of 5 min.
The extract was filtered through Celite and the pentane was removed in vacuo . Recrystallization of
the residue from ether at -25 'C produced pale yellow crystals; yield 549 mg (56%): 1H NMR
(C 6D 6 ) 8 6.90 (m, 6H), 6.54 (in, 2H), 1.60 (t, 6H, ZrCH 2CH 3), 1.37 (s, 6H, CMe(CD3) 2),
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1.18 (q, 4H, ZrCH2CH 3 )- 13C NMR (C6D6) 6 148.5, 143.3, 126.4, 122.7, 120.1, 119.5, 60.0,
57.2, 31.2 (C(CD3)2Me), 30.6 (m, C(CD 3 )2Me), 13.9 (ZrCH 2 CH 3 ). Anal. Caled for
C24 H24D 12N2 OZr: C, 61.09; H, 7.69; N, 5.94. Found: C, 61.41; H, 7.73; N, 6.02.
(iPr-NON)ZrEt2 (17b). A solution of EtMgBr in ether (700 pL, 3.0 M) was added to a
solution of (iPr-NON)ZrCl2xtol (11c) (562 mg, 1.05 mmol) in ether (30 mL) at -25 'C. The
mixture was stirred for 5 min without further cooling. The yellow color disappeared and a fine
white precipitate formed. All volatile components were removed in vacuo. The residue was
extracted with pentane (40 mL) over a period of 5 min. The mixture was filtered through Celite
and the pale yellow filtrate was quickly concentrated to a light orange oil (-1 mL). At -25 0C an
off-white amorphous solid formed; yield varies, highest yield obtained 312 mg (69%). 1H NMR
(C6D 6) 8 7.34 (d, 2H), 6.93 (t, 2H), 6.75 (d, 2H), 6.41 (t, 2H), 4.62 (br sept, 2H, NCHMe 2),
1.54 (d, 12H, NCHMe2 ), 1.29 (t, 6H, ZrCH 2 CH 3), 0.91 (q, 4H, ZrCH2 CH 3)- 13C NMR (tol-
d8 , 0 'C) 8 147.0, 144.7, 115.1, 114.2, 113.1 (5 aromatic resonances were observed), 52.8
(gated decoupled 13C NMR: t, JCH = 115 Hz, ZrCH 2CH 3), 46.8 (NCHMe 2), 21.0 (NCHMe2 ,
overlapped with toluene signal), 11.1 (gated decoupled 13C NMR: q, JCH = 125 Hz, ZrCH 2CH 3).
Anal. Calcd for C22H3 2N2 OZr: C, 61.21; H, 7.47; N, 6.49. Found: C, 61.28; H, 7.46; N, 6.51.
(tBu-NON)ZrfPr 2 (18) A solution of nPrMgCl in ether (2.0 M, 1.05 mL) was added
to a suspension of (tBu-NON)ZrCl 2 (11a) (489 mg, 2.07 mmol) in ether (10 mL) at -35 'C. The
reaction mixture was stirred for 5 min without further cooling. All volatile solvents were then
removed in vacuo and the residue was extracted with pentane (10 mL). After 5 min two drops of
1,4-dioxane were added, the extract was filtered and the pentane was reduced in vacuo to a pale
yellow oil (-1 mE). Ether (-0.5 mL) was added. Cooling to -35 'C overnight yielded 253 mg
(50%) of a pale yellow solid. The assignment of 1H and 13C resonances is not completely clear:
1H NMR (C6 D6) 5 6.90 (in, 6H), 6.54 (m, 3H), 1.93 (in, 4H), 1.37 (s, 6H, CMe(CD3)2), 1.25
(in, 4H), 1.08 (t, 6H, ZrCH2CH 2 CH 3)- 13C NMR (C6D6 ) 8 148.5, 143.2, 126.5, 122.8, 120.1,
119.5, 72.5 (ZrCH2 CH 2 CH 3 ), 57.2, 31.2 (C(CD 3)2Me), 30.4 (in, C(CD 3)2Me), 24.0, 21.3.
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Anal. Calcd for C2 6H2 8D 12N2 OZr: C, 62.47; H, 8.06; N, 5.60. Found: C, 62.74; H, 8.34; N,
5.65.
(tBu-NON)ZriBu 2 (19a). A solution of 1BuMgCl in ether (2.0 M, 950 ptL) was added
to a suspension of (tBu-NON)ZrCl2 (Ila) (462 mg, 954 kmol) in ether (12 mL) at approximately
-35 *C. The reaction mixture was stirred for 5 min without further cooling. All volatile solvents
were then removed in vacuo and the off-white residue was extracted with pentane (10 mL). After
5 min two drops of 1,4-dioxane were added. The extract was filtered and the pentane was reduced
in vacuo to a pale yellow oil (-1 mL). Ether (-1 mL) was added. This solution was stored at -35
'C overnight and produced 244 mg (49%) of analytically pure pale yellow, waxy solid: 1H NMR
(C6D 5 Br) 5 6.95 (m, 6H), 6.63 (m, 2H), 2.24 (sept, 2H, CH 2 CH(CH 3 )2 ) 1.38 (s, 6H,
CMe(CD3 )2 ), 1.18 (d, 4H, CH 2 CH(CH 3)2 ), 1.01 (d, 12H, CH 2 CH(CH 3 )2 ). 13 C NMR
(C 6 D 5 Br) 8 147.52, 142.29, 125.8, 121.9, 119.4, 118.7, 81.5 (CH 2 CHMe 2 , 56.7
(C(CD 3)2Me), 30.8 (C(CD3)2Me), 30.2 (m, C(CD 3)2Me), 28.5 (CH2CHMe2). The resonance for
CH 2 CHMe 2 was not observed. Anal. Calcd for C2 8H32D12N2OZr: C, 63.70; H, 8.40; N, 5.31.
Found: C, 63.92; H, 8.69; N, 5.28.
(iPr-NON)ZriBu2 (19b) from (iPr-NON)ZrC12xto1 (Ilc). A solution of
iBuMgCl in ether (1.9 mL, 2.0 M) was added to a suspension of (Pr-NON)ZrCl 2xtol (11c) (1.00
g, 1.86 mmol) in toluene (20 mL) at -25 'C. The mixture was allowed to warm to room
temperature and stirred for 30 min. During the reaction the yellow solid dissolved and was
replaced by a fine white precipitate. 1,4-Dioxane (0.34 g, 3.86 mmol) was added and the mixture
was filtered through Celite. The pale yellow filtrate was concentrated to -5 mL, layered with
pentane (10 mL) and stored at -25 'C. In two crops a colorless crystalline solid (713 mg) was
isolated. Recrystallization from ether at -25 *C produced analytically pure material; yield 459 mg
(51%). 1H NMR (C6D6) 8 7.30 (d, 2H), 6.93 (t, 2H), 6.78 (d, 2H), 6.40 (t, 2H), 4.74 (br m,
2H, NCHMe 2 ), 2.19 (sept, 2H, CH 2 CHMe 2), 1.61 (d, 12H, NCHMe 2 ), 1.03 (d, 4H,
CH 2 CHMe 2 ), 0.86 (d, 12H, CH 2CHMe 2). 13C NMR (C6D6 ) 8 146.8, 144.9, 125.8, 115.2,
114.2, 113.5, 76.6 (CH 2 CHMe 2), 47.3 (NCHMe 2), 30.1 (CH 2 CHMe 2), 28.5 (CH2CHMe2 ),
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21.3 (NCHMe2). Anal. Calcd for C26H40N 2OZr: C, 64.01; H, 8.26; N, 5.74. Found: C, 64.08;
H, 8.14; N, 5.73.
19b from H2 (iPr-NON) (1c) and ZrC14 . A solution of H2 (iPr-NON) (1.39 g, 4.89
mmol) in toluene (10 mL) was added to a suspension of ZrCl4 (1.14 g, 4.89 mmol) in toluene (40
mL) at room temperature. The mixture was rapidly stirred for 5 h. A thick slurry formed which
was cooled to -25 'C. To this slurry a solution of iBuMgCl in ether (9.8 mL, 2.0 M) was added.
The mixture was stirred for 30 min without further cooling. 1,4-Dioxane (1.73 g, 19.7 mmol)
was added and the mixture was filtered through Celite. All volatile components were removed in
vacuo leaving a dark solid residue. The solid was recrystallized twice from ether at -25 'C to give
off-white microcrystals, yield 1.41 g (59%).
(iPr-NON)ZrNp 2 (20). A solution of NpMgCl in ether (2.8 mL, 1.35 M) was added
to a suspension of (iPr-NON)ZrCl 2xtol (11c) (1.00 g, 1.86 mmol) in toluene (20 mL) at -25 'C.
The mixture was allowed to warm to room temperature and stirred for 8 h. 1,4-Dioxane (0.34 g,
3.86 mmol) was added and the mixture was filtered through Celite. The pale yellow filtrate was
concentrated to -3 mL and layered with pentane (8 mL). Pale yellow microcrystals began to form.
The mixture was stored at -25 'C to complete crystallization; yield 673 mg (70%). IH NMR
(C6D6) 8 7.20 (d, 2H), 6.94 (t, 2H), 6.78 (d, 2H), 6.38 (t, 2H), 4.70 (br m, 2H, CHMe 2), 1.63
(d, 12H, CHMe2 ), 1.21 (s, 4H, CH 2CMe 3), 0.97 (s, 18H, CH2CMe3). 13C NMR (C6D 6) 6
146.3, 145.1, 126.0, 115.1, 114.3, 113.9, 84.6 (CH 2 CMe 3 ), 48.1 (CHMe 2), 36.5 (CH 2 CMe 3),
35.4 (CH2CMe3), 21.2 (CHMe2). Anal. Calcd for C28H44 N2OZr: C, 65.19; H, 8.60; N, 5.43.
Found: C, 65.36; H, 8.47; N, 5.41.
(TMS-NON)HfMe 2 (21) A solution of MeMgI in ether (3.0 M, 1.7 mL) was added to
a suspension of (TMS-NON)HfCl 2 (15) (1.51 g, 2.55 mmol) in ether (30 mL) at -25 'C. The
reaction mixture was stirred for 15 min. All volatile components were then removed in vacuo and
the residue was extracted with pentane (30 mL) for 15 min. The extract was filtered and the
pentane was removed in vacuo. Recrystallization of the residue from a mixture of ether and
pentane at -25 'C produced colorless microcrystals; yield 1.056 g (75%): IH NMR (C6D6) 6 6.86
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(m, 6H), 6.54 (t, 2H), 0.63 (s, 6H, HfMe2), 0.23 (s, 18H, SiMe3 ). 13C NMR (C6D 6) 6 148.56,
143.31, 127.08, 124.13, 120.69, 119.12, 58.06 (HfMe 2), 1.57 (SiMe3). Anal. Caled for
C20 H32 HfN2 OSi 2 : C, 43.59; H, 5.85; N, 5.08. Found: C, 43.68; H, 5.79; N, 5.02.
(tBu-NON)ZrC1Np (22). A solution of NpMgC1 in ether (1.35 M, 840 tL) was added
to a suspension of (tBu-NON)ZrCl 2 (Ila) (543 mg, 1.12 mmol) in ether (10 mL) at -25 'C. The
reaction mixture was allowed to warm to room temperature and stirred for 30 min. All volatile
components were removed in vacuo and the residue was extracted with pentane (20 mL) over a
period of 10 min. The extract was filtered and the solution was concentrated to -3 mL. Pale
yellow microcrystals began to form. The mixture was stored at -25 'C overnight; yield 414 mg
(71%). 1H NMR (C6D6) 8 6.87 (m, 4H), 6.80 (d, 2H), 6.52 (m, 2H), 1.64 (s, 2H, CH 2CMe 3),
1.36 (s, 6H, C(CD3)2Me), 1.08 (s, 9H, CH2 CMe3 ). 13 C NMR (C6D 6) 6 146.7, 142.3, 127.3,
122.6, 120.4, 118.8, 87.9 (CH 2 CMe3 ), 57.6 (CCD 3)2Me), 35.3 (CH 2 CMe3), 34.5 (CH2CMe3),
31.1 (C(CD3 )2Me), 30.6 (C(CD 3)2Me). Anal. Calcd for C25 H2 5D1 2C1N 2OZr: C, 57.71; H,
7.17; N, 5.38. Found: C, 57.88; H, 7.16; N, 5.36.
[(iPr-NON)ZrEt] 2 (R-C 2 H4) (23) (iPr-NON)ZrEt 2 (17b) (239 mg, 554 Imol) was
dissolved in pentane (6 mL). The sometimes slightly cloudy solution was filtered and allowed to
stand at room temperature. During the reaction the color changed from very pale yellow to red/
orange. After a few hours pale yellow needles began to form. After 21 h the supernatant was
decanted off and the solid was washed liberally with pentane and dried in vacuo; yield 173 mg
(75%). The product is contaminated with traces (-2% by IH NMR) of 17b. A sample free of
17b may be obtained as a yellow powder from a saturated toluene solution layered with ether. 1H
NMR (C6D 6 ) 6 7.47 (d, 4H), 6.95 (t, 4H), 6.76 (d, 4H), 6.49 (t, 4H), 3.75 (sept, 4H,
NCHMeAMeB), 1.45 (t, 6H, ZrCH2 CH 3 ), 1.38 (d, 12H, NCHMeAMeB), 1.29 (d, 12H,
NCHMeAMeB), 1.16 (q, 4H, ZrCH2CH 3), 1.09 (s, 4H, g-C 2H4 ) 13 C NMR (C6D6 ) 5 146.7,
144.8, 125.5, 115.6, 114.5, 114.2, 46.3 (NCHMeAMeB), 44.7 (gated decoupled 13 C NMR: t,
JCH = 117 Hz, ZrCH2 CH 3), 39.4 (gated decoupled 13C NMR: t, JCH = 143 Hz, g-C 2H4), 21.7
(NCHMeAMeB), 20.9 (NCHMeAMeB), 13.0 (gated decoupled 13C NMR: q, JCH = 124 Hz,
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ZrCH2 CH3). Anal. Calcd for C42H5 8N4 0 2Zr2: C, 60.53; H, 7.01; N, 6.72. Found: C, 60.19;
H, 6.95; N, 6.73.
(tBu-NON)Zr(i2-C 2H4)(PMe3)2 (24) To a solution of (tBu-NON)ZrEt 2 (17a) (149
mg, 316 kmol) in ether (2 mL) neat PMe3 (185 mg, 2.434 mmol) was added. The reaction
mixture was shaken for a few seconds and then stored at -25 'C. After 38 h red crystals were
seperated and dried in vacuo; yield 160 mg (85%). 1H NMR (toluene-d8) 6 7.23 (d, 2H), 6.85 (t,
2H), 6.75 (d, 2H), 6.37 (t, 2H), 1.43 (br s, 2H, CHAHBCHACHB), 1.23 (br s,
CHAHBCHACHB), 1.08 (s, 6H, C(CD3) 2Me), 0.87 (d, JPH = 3 Hz, 18H, PMe3)- 13C NMR
(toluene-d8, 0 OC) 8 148.60, 145.22, 124.64, 118.09, 114.03, 112.65, 53.22 (C(CD 3 )2Me),
46.45 (s, C2H 4), 30.93 (C(CD3)2Me), 16.23 (s, PMe3 ). 3 1P NMR (toluene-d8, 0 'C) 6 -29.9 (br
s). Anal. Calcd for C28 H3 6D 12N 2OP 2Zr: C, 56.62; H, 8.15; N, 4.72. Found: C, 57.01; H,
8.27; N, 4.59.
(iPr-NON)ZriBu2 (PMe3) (25) PMe 3 (93 mg, 1.22 mmol) was added to a suspension
of (iPr-NON)ZriBu 2 (19b) (209 mg, 428 gmol) in pentane (5 mL) at room temperature. The solid
rapidly dissolved upon addition of the PMe3 and the color changed to pale yellow. The solution
was concentrated to -1 mL. Pale yellow microcrystals began to form. More PMe 3 (100 mg, 1.32
mmol) was added and the mixture was stored at -25 'C overnight. The supernatant was decanted
off, the solid was rinsed with a little pentane and dried in vacuo; yield 115 mg (48%). 1H NMR
(-0.013M in C6D 6 ) 8 7.31 (d, 2H), 6.92 (t, 2H), 6.78 (d, 2H), 6.40 (t, 2H), 4.78 (br s, 2H,
NCHMe 2 ), 2.20 (sept, 2H, CH2 CHMe 2), 1.61 (d, 12H, NCHMe2), 1.03 (d, 4H, CH 2 CHMe 2 ),
0.88 (d, 12H, CH 2CHMe2), 0.74 (d, 9H, PMe3, JPH = 2 Hz). 1H NMR (-0.13M in C6D 6) 6
7.32 (d, 2H), 6.90 (t, 2H), 6.76 (d, 2H), 6.39 (t, 2H), 4.89 (br s, 2H), 2.24 (sept, 2H), 1.61 (d,
12H), 1.01 (d, 4H), 0.95 (d, 12H, CH 2CHMe 2), 0.63 (s, 9H, PMe3 ). 13C NMR (-0.13M in
C6D 6) 6 146.7, 145.1, 125.7, 115.0, 114.1, 113.6, 76.1 (CH 2CHMe 2), 46.8 (NCHMe 2 ), 30.5
(CH2 CHMe2 ), 28.8 (CH2CHMe2), 21.3 (NCHMe2), 15.8 (d, PMe3, JPC = 8 Hz). 3 1P NMR
(-0.13M in C6 D6) 6 -57.2. 3 1P variable temperature NMR [0.13M (iPr-NON)ZriBu2, 0.45M
PMe 3 in toluene-d8] room temperature: 5 -59.3; -60 'C: 6 -57.8 (br s); -80 'C: 6 -49.2 (br s), -61.7
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(br s); -90 'C: 8 -47.4 (br s), -48.7 (br s), -61.8 (br s). Anal. Calcd for C2 9H4 9N2 OPZr: C,
61.77; H, 8.76; N, 4.97. Found: C, 61.82; H, 8.62; N, 5.01.
(iPr-NON)Zr(r12 -CH 2 CMe2)(PMe 3)2 (26) A solution of (iPr-NON)ZriBu 2 (303
mg, 621 pmol) in PMe3 (2.5 g, 32.9 mmol) was heated in a sealed 25 mL Schlenk tube to 37 'C in
the dark. After 63 h the solution had turned red and was transferred into a 20 mL vial. Immediate
formation of needles began. Ether (-1 mL) was added and the mixture was stored at -25 'C
overnight. The supernatant was decanted off and the solid was washed with pentane to give pink
brown small needles (185 mg). The washings were combined, concentrated and stored at -25 'C
to give a second crop (29 mg) as a powder; overall yield 214 mg (59%). 1H NMR (C6 D6) 8 7.38
(d, 2H), 6.82 (t, 2H), 6.61 (d, 2H), 6.40 (t, 2H), 3.43 (sept, 2H, NCHMeAMeB), 1.94 (s, 6H,
CH2 CMe2), 1.23 (d, 6H, NCHMeAMeB), 1.17 (d, 6H, NCHMeAMeB), 0.96 (s, CH2 CMe2 ),
0.93 (br s, PMe3), 0.86 (br s, PMe3 previous 3 peaks overlapped, overall integration 20H). 13C
NMR (C6 D6 ) 6 147.0, 146.1, 124.6, 115.8, 113.9, 113.6, 63.6 (CH2 CMe2 ), 52.3 (CH2 CMe2 ),
44.2 (NCHMeAMeB), 34.2 (CH2 CMe2), 22.6 (NCHMeAMeB), 22.4 (NCHMeAMeB), 16.3 (br s,
PMe3), 15.5 (br s, PMe3). 3 1P NMR (C6 D6 ) 8 -26.0 (br s), -60.1 (br s). Anal. Calcd for
C28H48 N2OP2 Zr: C, 57.80; H, 8.31; N, 4.81. Found: C, 57.63; H, 8.24; N, 4.72.
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Chapter 3
Polymerization Studies Using Activated (tBu-NON)ZrMe 2
Introduction
During the last 20 years the area of homogeneous Ziegler-Natta polymerization has grown
tremendously to become a now widely used industrial process.69 Most homogenous Ziegler-Natta
systems are based on cyclopentadienyl stabilized group 4 complexes, although in some of the very
active polymerization catalysts one of the cyclopentadienyl moieties is replaced by an amide
linkage.70 -7 3 The search for alternative catalyst systems that do not contain cyclopentadienyl
ligands has substantially intensified recently.74
Group 4 complexes containing chelating bisphenoxide ligands75 have been shown to be
highly active catalysts for the polymerization of 1-hexene. 7 6 Chelating diamido ligands have
recently received far more attention.6,77-84 The trivalent nitrogen offers the potential to affect the
catalyst activity by varying the steric bulk in the vicinity of the metal center. In addition, the
relatively low cost and the large variety of conceivable diamines is promising for the development
of diamido ligands.
Two recent discoveries suggested that diamido ligands considerably stabilize the
propagating species during the polymerization. McConville and co-workers reported the living
polymerization of 1-hexene at room temperature using the titanium catalyst
(ArNCH2 CH 2 CH 2 NAr)TiMe 2 shown in Fig. 3.la.83 Along the same line, Tinkler and co-
workers made the observation that (TMSNCH 2 CH 2 NTMS)TiCl 2 (Fig. 3.1.b) produces
polyethylene with a constant activity over the period of ~1 h whereas the activity of Cp 2TiCl 2 is
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almost zero after 1 h.85 Very recently, a zirconium system stabilized by a chelating diamido ligand
(Fig. 3.l.c) was reported to be a highly active catalyst for the living polymerization of 1-hexene. 86
TMS Si1Pr 3
N N NC TiMe 2  / TiCl2  (CH2)2  ZrMe 2
N N N
Ar TMS Si'Pr 3
a b c
Figure 3.1. Examples of Ziegler-Natta catalysts stabilized by chelating diamido ligands.
While for commercial processes the activation of zirconium dialkyl and dichloride
complexes with a large excess of MAO remains the most common way of generating
polymerization catalysts, the nature of the catalytic species is poorly understood. 69 An alternative
method employs stoichiometric amounts of well defined activators. The most widely used co-
catalysts are B(C 6F5)3, [PhNMe 2H][B(C 6F5)4] and [Ph 3C][B(C 6F5 )4] 87
The activation of (tBu-NON)ZrMe 2 using these co-catalysts as well as the polymerization
of ethylene and 1-hexene were investigated. Results of polymerization studies as well as
preliminary mechanistic studies are discussed in this chapter.
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Results and Discussion
3.1 Synthesis of Cationic Zirconium tBu-NON Complexes
When one equiv of B(C 6F5)3 is added to a C6D5Br solution of (tBu-NON)ZrMe 2 (16a) an
immediate color change to bright yellow is observed (eq 1). The 1H NMR spectrum shows one
sharp singlet at 5 = 0.77 assigned to the Zr-Me protons and one broad singlet at S = 2.24 assigned
to the Zr---Me-B(C6F5)3 protons. The t-butyl groups are equivalent on the NMR time scale and
appear as a singlet at 5 = 0.98. The NMR data are consistent with the reaction of B(C 6F5 )3 with
one of the two methyl groups to give [(tBu-NON)ZrMe][MeB(C 6F 5)3] (27). The resonance of the
methyl group attached to the boron atom is broadened due to quadrupole coupling. No reaction
with the potentially Lewis basic nitrogen atoms is observed, which would result in inequivalent
t-butyl groups and two sharp resonances for two inequivalent methyl groups. Evidently, the
nitrogen atoms are sterically well protected by the voluminous t-butyl groups. Effective t-bonding
probably further reduces their reactivity.
B(C 6F5 )3
Me Me
Zr- Me + B(C 6F5 3  C6D5Br or pentane N Zr-Me (1)
0 0
16a 27
When the reaction of 16a with B(C 6F5)3 is performed in pentane, a supersaturated solution
of 27 forms, from which, upon standing at -35 'C, yellow crystalline 27 could be isolated in
-46% yield (eq 1). Complex 27 contains 0.5 equiv of pentane according to 1H NMR
spectroscopy. The X-ray structure (Fig. 3.2) reveals that 27 is "zwitterionic", that is one methyl
group is partially abstracted from the zirconium center. In the solid state 27 is trigonal bipyramidal
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C(15)
C(14)
C(24) C(25) C(13)
(11
C(26) C(12)
(23) 0 C(110)
C(28) 24 C(21)
C(22) (2. N (1) C(17)
C(27) Zr C(18)
C(210) C(2) C(19)
C(29)
Z:c(1)
C(45)
C(46) 2 5C(1)-C(52)
C(44) C(7) C(53)
C(41) C(56) (4
C(43) C(42) C(31) C(36) C(55)
C(35)
C(32)
C(34)
C(33)
Bond Lengths (A) Bond Angles()
Zr-C(l) 2.487(12) Zr-C(l)-B 174.8(10)
C(1)-B 1.69(2) C(l)-Zr-C(2) 91.8(5)
Zr-O 2.256(8) O-Zr-C(1) 167.3(4)
Zr-N(l) 2.049(10) N(l)-Zr-N(2) 113.8(4)
Zr-N(2) 2.065(10) Zr-N(l)-C(17) 125.8(7)
Zr-N(2)-C(27) 129.3(8)
Figure 3.2. ORTEP diagram (35% probability level) of [(tBu-NON)ZrMe][MeB(C6F5)31 2)
selected bond lengths and angles.
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with the tBu-NON ligand adopting a facial coordination mode. The B(C 6F5)3 is attached to the
axial methyl group. Compared to 16a [Zr-O: 2.418(3) A] the Zr-O bond in 27 is considerably
shortened [Zr-O: 2.256(8) A]. It appears that the oxygen atom is capable of stabilizing the cationic
charge on the zirconium atom. Consistent with a cationic zirconium center the amide bonds in 27
are slightly shortened compared to those in 16a (by -0.03 - 0.04 A). In related zwitterionic
metallocene complexes 88,89 the Zr---Me-B(C 6F 5)3 bond length is -2.549 - 2.667 A, slightly
longer than what is found for 27 [Zr-C(l) = 2.487(12) A].
(tBu-NON)ZrMe 2 reacts with one equiv of (PhNMe 2H)[B(C 6F 5)4] in C6D5Br to give
[(tBu-NON)ZrMe(PhNMe 2 )][B(C 6F 5)4] (28a) (eq 2). 28a could not be isolated, however.
Several crystallization attempts under various conditions resulted in oils. Solutions of 28a in
C6H5C1 or C6D 5Br are bright yellow and homogeneous whereas in toluene dark orange oils
separated. The 1H NMR spectrum of 28a in C6D 5Br shows a singlet for the zirconium methyl
group at 8 = 0.95. For comparison, in C6D5Br the methyl groups of 16a appear at 8 = 0.66. The
dimethyl aniline is coordinated (16a: 6 = 2.74, free dimethyl aniline: 5 = 2.65). The t-butyl
groups are equivalent and appear as one singlet at 5 = 1.17. C6D5Br solutions of 28a can be
heated briefly to 50 'C, although at that temperature decomposition is observed. At room
temperature 28a is stable for at least -1 h in solution.
[PhNMe2H] [B(C 6F5)4] _ B( 6 5 4  2(tBu-NON)Zr"e2 C6D5Br BC6F4,- [(tBu-NON)ZrMe(PhNMe2)][B(C6F5)4] (2)(t~u   r~ e 
16a 28a
Abstraction of one methyl group to give the cationic species 28b is also accomplished by
treating a C6D 5Br solution of 16a with [Ph3C][B(C 6F5)4] (3). The 1H NMR resonances of 28b
are similar to those found for 28a. 28b can be formulated as [(tBu-NON)ZrMe][B(C 6F 5)4]
although it is likely that 28b is either solvated by a C6D5Br molecule or forms a tight anion/cation
pair. At room temperature the zirconium methyl group of 28b (6 = 0.72) is somewhat broader
than that of 28a. In addition a sharp singlet at 6 = 2.01 appears which is assigned to Ph3CMe.
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(Ph 3C)[B(C 6F5)4],
(tBu-NON)ZrMe2 C6D5Br tBu-NON)ZrMe] [B (C 6F5)4] (3)
- Ph3CMe
16a 28b
3.2 Polymerization of Ethylene
Both 27 and 28a are highly active ethylene polymerization catalysts. Polymerizations
were performed by injecting the catalyst solution (20 gmol in 2 mL) to 50 mL of solvent that had
been saturated with ethylene. The solution was rapidly stirred at room temperature under ethylene
(1 atm) and quenched with methanol after 2 min. In Table 3.1 a summary of results is shown.
The activity difference between 27 and 28a can be rationalized by a stronger cation/ anion
interaction in 27 compared to 28a. The X-ray structure of 27 (Fig. 3.2) indicates that the axial
zirconium methyl bond, although elongated, binds more strongly to the zirconium center than in
analogous zirconocene complexes. The [B(C 6F5)4]- anion of 28a is likely to bind less strongly to
the cationic zirconium center than the [MeB(C 6F5)3]~ anion of 27. 28a is therefore expected to be
a more active polymerization catalyst than 27. In addition, the solvent polarity plays an important
role. The cation/ anion separation is greater in solvents with a higher polarity such as
chlorobenzene.
Homogeneous metallocene Ziegler-Natta catalysts produce polyethylene with molecular
weight distribution (Mw/Mn) values of ~2.69 The Mw/Mn values found for 27 are in that range.
The Mw/Mn values for 28a on the other hand are remarkably low compared to metallocene
catalysts.
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Table 3.1. Data for ethylene polymerizationi) using [(tBu-NON)ZrMe][MeB(C 6F5)3] (27)
and [(tBu-NON)ZrMe(PhNMe 2)][B(C 6F5)4] (28a)
Entry Catalyst Solvent Yield
(mg)
1 27 toluene 60
2 27 toluene 71
3 28a C6H5 Cl 540
4 28a C6H5Cl 540
5 28a C6H5Cl 640
i) GPC analysis was performed at
ii) kg polymer/ (h x mol catalyst)
Activityi) Mn (g/ mol) Mw (g/ mol)
90
107
810
810
960
Exxon Chemical
3.3 Polymerization of 1-Hexene
As mentioned in the previous section, the molecular weight distribution found for
polyethylene prepared with 28a is relatively narrow compared to a typical Ziegler-Natta catalyst.
In order to avoid problems such as precipitation of the polymer during the reaction, the activity of
27 and 28a for the polymerization of 1-hexene was studied. 27 shows little activity, both in
toluene and chlorobenzene. 28a on the other hand rapidly polymerizes 1-hexene. The polymer
produced with 28a is atactic according to 13C NMR spectroscopy. 90 Data for batch scale
polymerizations of 1-hexene in chlorobenzene at 0 *C are shown in Table 3.2. The yield of all
entries is essentially quantitative (97 - 100%) within 1 - 2 h. The poly(1-hexene) formed has
remarkably narrow molecular weight distributions. Also, the number average molecular weight
Mn(found) measured by light scattering GPC is in good agreement with the expected values
89
6007
5625
51615
57284
60525
Corp.
13834
12136
76399
79413
84139
2.30
2.16
1.48
1.39
1.39
Mn(calcd). The control of the molecular weight as well as a narrow molecular weight distribution
suggest that the rate of chain termination is slow compared to the rate of propagation.
However, with more than -300 equiv of 1-hexene the measured molecular weights start to
deviate from the expected values. In order to clarify whether this deviation is systematic, the
polymerization of polymers with very high molecular weights was attempted. Entry 1 in Table 3.3
shows that even though at 0 *C the measured molecular weight is considerably lower than
expected, high molecular weight poly(1-hexene) can be produced. An indication that chain
termination processes begin to have an effect is the slightly broader molecular weight distribution.
At -10 'C high Mn of up to -125000 were obtained (entry 2 and 3, Table 3.3). The Mw/Mn
decrease from 1.2 (at 0 *C) to 1.1 (at -10 C).
Table 3.2. Data for 1-hexene polymerization (0 'C) using
[(tBu-NON)ZrMe(PhNMe2)] [B(C 6F5)4] (28a)
Entry
1
2
3
4
5
6
7
8
Equiv 1-hexene
49
179
229
288
343
399
408
517
pmol cat
49
45
52
50
47
52
55
46
Mn(calcd)
4144
15027
19306
24262
28902
33593
34349
43481
Mn(found)
4877
14890
19520
24780
24590
35820
28030
39310
Mw/Mn
1.14
1.08
1.04
1.02
1.05
1.04
1.03
1.03
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The preparation of polymers with even higher molecular weights was not attempted. The
viscosity of the reaction mixture increases considerably over time. Towards the end of the reaction
efficient stirring of the mixture becomes increasingly difficult. The finding that poly(1-hexene) can
be prepared over a broad range of molecular weights with narrow molecular weight distributions
clearly indicates that the propagating species is not likely to undergo chain termination reactions.
Table 3.3. Data for high molecular weight poly(1-hexene) using
[(tBu-NON)ZrMe(PhNMe 2)] [B (C6F5)4] (28a)
Entry Equiv 1-hexene gmol cat T (OC) Time (h) Mn(calcd) Mn(found) Mw/Mn
1 1565 46 0 3.5 131700 97550 1.20
2 1635 44 -10 10 137700 124900 1.11
3 1230 45.5 -10 10 103500 102500 1.11
3.4 Evidence for the Formation of Polyethylene-Block-Poly(1-hexene)
Preliminary evidence for the successful preparation of block copolymers was also obtained.
Thus, 1-hexene was added to a chlorobenzene solution of 28a at 0 'C. After complete
consumption of the 1-hexene, ethylene was admitted to the reaction mixture. The solution became
increasingly viscous and cloudy indicating the formation of polyethylene containing material. After
workup a material was obtained that contained both poly(1-hexene) as well as polyethylene
according to 13 C NMR. The room temperature GPC (light scattering) analysis showed extremely
high molecular weights in the range of -200 million g/mol. The molecular weight was in fact too
high to allow its accurate determination due to the detection limit of the light scattering device. A
high temperature GPC (viscometry) analysis of the same material, performed at Exxon Chemicals
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Corp., showed molecular weights in the range -10000 g/mol. Although molecular weights
determined by light scattering and viscometry cannot be directly compared to each other, this
discrepancy is unusual.
Block copolymers are known to form aggregates, sometimes micelles, in solvent systems
which dissolve one component of the block copolymer but not the other.8 4 Polyethylene is
insoluble in methylene chloride, the solvent that was used for the light scattering measurement.
Light scattering determines the molecular weight by measuring the radius of a particle. 9 1 It is
therefore plausible to suggest that the molecular weight of the proposed block copolymer
determined by light scattering (which was completely soluble in methylene chloride) was in fact a
mixture of aggregates with the insoluble polyethylene component in the core of the aggregate and
the soluble poly(l-hexene) block at the outside. At higher temperature both polyethylene and
poly(l-hexene) are soluble. As a result, the aggregates break up and "normal" molecular weights
are measured.
Although these observations indicate that polyethylene-block-poly(l-hexene) was prepared,
no estimate of the purity of the material has been made at this point. A common impurity in block-
copolymers is homo-polymer due to partial chain termination. It is likely that, given the
precipitation of a solid during the ethylene polymerization step, perhaps a substantial amount of
polyethylene formed.
3.5 Mechanistic Studies
The 13C NMR resonance of the zirconium methyl group was determined by performing the methyl
group abstraction with (tBu-NON)Zrl 3Me 2 (16a- 13 C). At 0 'C the 13C NMR spectrum of a
solution of [(tBu-NON)Zrl 3Me][B(C 6F5)4] 28b- 13C in C6D 5 Br shows a resonance at 8 = 53.6
(Fig. 3.4). In addition a resonance assigned as Ph3C13Me (5 = 30.4) appears. For comparison,
the room temperature 13C NMR spectrum of 16a- 13C in C6D5Br shows a singlet at 8 = 45.2.
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A series of NMR tube experiments using (28b-13 C), prepared in situ in C6D 5Br, was
conducted in order determine the fate of the cationic alkyl complex once the olefin is consumed.
When 1.3 equiv of 1-hexene is added to a C6D5Br solution of 28b- 13C at -30 "C, the 13C NMR
spectrum, after warming the solution up to 0 'C, shows a series of resonances at 6 - 20 (Fig. 3.5).
These resonances indicate that the first insertion occurs such that the terminal olefinic carbon of the
1-hexene is a to the zirconium (Fig. 3.3). For a 2,1-insertion resonances of 6 -10 - 12 are
expected.9 2 This result was confirmed by performing a polymerization on a batch scale using
(tBu-NON)Zr13Me 2 as a catalyst precursor.
"Bu
1-hexene 13 Me
(Zr-13 Me)+ 
-401e Zre or Zr+ 3Me
"Bu
1,2-insertion 2,1-insertion
Figure 3.3. First insertion of 1-hexene into the zirconium methyl bond.
In addition, as shown in Fig. 3.5., upon addition of 1-hexene to 28b- 13C, resonances at
6 = 30.8 and 6 = 24.0 are observed. The resonance at 6 = 30.8 can be assigned as the first
insertion product. For comparison, the isobutyl methyl carbon of (tBu-NON)ZriBu 2 (19a) in
C6D5Br appears at 6 = 28.5. A slight downfield shift is expected due to the cationic nature of the
alkyl complex. The 1H NMR spectrum showed complete consumption of 1 -hexene.
As a model for the propagating species an isobutyl cation was prepared by reacting (tBu-
NON)Zr( 13 CH 2CHMe 2 )2 (19a- 13C) in C6D 5Br with [Ph 3C][B(C 6F 5)4]. Subsequent trapping
with 2,4-lutidine (2,4-lut) yielded a new species which is proposed to be [(tB u -
NON)Zr( 13CH 2 CHMe2)(2,4-lut)][B(C 6F5)4]. The room temperature 13C NMR spectrum shows
a singlet at 6 = 94.4. For comparison, the 13C resonance of the isobutyl methylene carbon atom in
19a- 13C appears at 6 = 81.5. The downfield shift is expected upon formation of a cationic
93
species. (tBu-NON)Zr(1 3CH 2 CHMe2)(2,4-lut)][B(C 6F 5)4 ] does not polymerize 1-hexene
presumably because of tight binding of 2,4-lutidine to the zirconium center.
A reverse labeling experiment was performed in order to produce a cationic species with a
labeled carbon atom ca to the zirconium center. To that end, 28b was prepared by addition of
[Ph 3C][B(C 6F5)4] to a solution of 16a in C6D5Br at -35 'C. Without further cooling, -13 equiv
of 1-nonene were added under rapid stirring. After allowing the 1-nonene to react (-30 sec) 1
equiv of labeled 1-nonene (13CH2=CHC7H1 5) was added to this solution. The IH NMR spectrum
taken at 0 'C indicates that all olefin had been consumed. The 13C spectrum taken at 0 'C shows a
broad resonance at 8 - 93 (Fig. 3.6). Assuming that insertion of the olefin occurs in a 1,2-fashion
it is plausible to suggest that this new species is in fact the cationic alkyl complex [(tBu-
NON)Zr(13CH 2CHRR')][B(C 6F5 )4] (29) (R = C7H1 5, R' = oligomer). Upon warming to 40 'C
for 10 min, the resonance at 6 = 93 disappears completely and a sharp resonance at 8 = 110.8 is
observed which is a typical value for terminal olefins 13CH 2=CRR'.92 These observations show
that decomposition of the propagating species 29 is slow at 0 'C and very fast at 40 'C. The half-
life of 29 and the amount of 13CH2 =CRR' have not been determined at this point.
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Ph3C13Me
[(tBu-NON)Zr 13Me]+
55 50 45 40 35 30
Figure 3.4. 13C NMR spectrum (0 'C) in C6D5Br of (tBu-NON)Zr Me2
after addition of [Ph 3C][B(C 6F5)4 1-
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[(tBu-NON)Zr"3 Me]+
[(tBu-NON)Zr(CH2CHR)" 3Me]+
[(tBu-NON)Zr(CH2CHR)213Me+
multiple
insertion
products
55 50 45 40 35 30 25 20
Figure 3.5. 13C NMR spectrum (0 'C) of a sample identical to that in Fig. 3.5 after
addition of 1.3 equiv of 1 -hexene (R = C4H9).
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[Zr( 3CH 2CHRR')]*
100 60 40 20 0 ppm
Figure 3.6. 13C NMR spectrum (0 'C) in C5D5Br of (tBu-NON)ZrMe 2 after sequential
addition of 1 equiv of [Ph3C][B(C 6F5)4],13 equiv of CH 2=CHC 7H1 3,
and 1 equiv of 13CH2=CHC7H1 5 (R = C7H15, R'= oligomer).
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Conclusions
(tBu-NON)ZrMe 2 (16a) reacts with B(C 6F 5)3 to give the zwitterionic complex [(tBu-
NON)ZrMe] [MeB(C 6F5)3] (27). An X-ray structure revealed that in 27 the axial zirconium
methyl group is abstracted which was interpreted as a consequence of increased donation of
electron density from the oxygen atom.
The reaction of 16a with [PhNMe 2H][B(C 6F5 )4] or [Ph 3C][B(C 6F5)4] in situ yields the
cationic complexes [(tBu-NON)ZrMe(PhNMe 2 )][B(C 6 F 5 )4] (28a) and [(tBu-
NON)ZrMe][B(C 6F 5)4] (28b), respectively. Complex 28a is a highly active catalyst for the
polymerization of ethylene. Also, 1-hexene can be polymerized at temperatures between 0 and -10
'C by 28a over a broad range of molecular weights (up to 125000 g/mol) with very narrow
molecular weight distributions (< 1.1).
Labeling studies showed that the first insertion of 1-hexene into the zirconium methyl
group occurs in a 1,2 fashion. The cationic alkyl complex [(tB u -
NON)Zr( 13CH 2CHRR')][B(C 6F 4)5] (29) can detected at 0 'C by 13C NMR spectroscopy in the
absence of olefin. Decomposition of 29 at 40 'C is rapid.
Experimental Section
General Procedures. Unless otherwise noted all manipulations were performed under
rigorous exclusion of oxygen and moisture in a dinitrogen-filled glove-box or using standard
Schlenk procedures. Pentane was sparged with dinitrogen followed by passage through 2 1-gallon
columns of activated alumina. Toluene was distilled from benzophenone ketyl. Chlorobenzene
(99.9%, Aldrich) was distilled from CaH2. 1-Hexene (99+%, Aldrich) was stirred over sodium
for several days, vacuum transferred and stored under dinitrogen over activated 4A molecular
sieves. NMR spectra are taken on Varian instruments (75.4 or 125.8 MHz, 13C; 300 or 500
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MHz, 1H). 1H NMR spectra are referenced versus residual protons in the deuterated solvents as
follows: 6 = 7.15 C6 D 6 , 6 = 2.09 toluene-d8 (CD 2 H), 6 = 7.29 C6 D 5Br (most upfield
resonance). 13C NMR spectra are referenced as follows: 6 = 128.4 C6D6, 6 = 137.9 toluene-d 8,
6 = 122.3 C6D 5Br (Cipso). Labeled 1-nonene (13 CH 2=CHC 7 H1 5 ) was prepared from
(Ph3P 13Me)I, BuLi and 1-octanal in ether by a Wittig procedure and compared to the 1H and 13C
NMR spectra of commercial (Aldrich) unlabeled 1-nonene. (tBu-NON)Zrl 3Me 2 (16a- 13 C) and
(tBu-NON)Zr(13CH 2CHMe 2)2 (19a- 13C) were prepared as described in Chapter 2 from 13MeMgI
and IMg 13 CH 2 CHMe 2 , respectively. 13MeMgI was prepared from 13MeI (Cambridge Isotope
Laboratories) and magnesium in ether in a standard manner. I13 CH 2CHMe 2 was prepared by a
method analogous to that for ICD 2CHMe 2 -93 A gift of B(C 6F5)3 , [PhNMe 2H][B(C 6F5)4] and
[Ph3C][B(C 6 F5)4] from Exxon Chemical Corp. is gratefully acknowledged.
Polymer Analysis. GPC analyses of poly(l-hexene) were carried out on a system
equipped with two Alltech columns (Jordi-Gell DVB mixed bed - 250 mm x 10 mm (i.d.)). The
solvent was supplied at a flow rate of 1.0 mL/min. with a Knauer HPLC pump 64. HPLC grade
CH 2Cl 2 was continuously dried and distilled from CaH2 . A Wyatt Technology mini Dawn light
scattering detector coupled to a Knauer differential-refractometer was employed. The differential
refractive index increment, dn/dc, was determined assuming that all polymer that was weighed for
the run (usually -5 - 10 mg to ± 0.1 mg) eluted from the column. In order to minimize polymer
weighing error the average value for dn/dc (0.049 mL/g) from 18 runs (0.045 to 0.053 mL/g) was
employed and the molecular weights recalculated. GPC analyses of polyethylene were performed
at Exxon Chemical Corp.
[(tBu-NON)ZrMe][MeB(C 6 F5 )3] (27). A solution of B(C 6F5)3 (35 mg, 67 gmol)
in pentane (5 mL) that had been cooled to -35 'C was added to a solution of (tBu-NON)ZrMe 2
(16a) (30 mg, 67 Rmol) in pentane (5 mL). The mixture immediately turned bright yellow. A
solid precipitated when the B(C 6F5)3 solution was added at -35 OC, but it dissolved when the
mixture was warmed to room temperature. The slightly cloudy bright yellow solution was stirred
at room temperature for 5 min, filtered, and cooled to -35 'C for two days. Yellow crystals were
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filtered off and briefly dried in vacuo; yield 31 mg (47%). 1H NMR (C6D 5Br) 6 7.03-6.55 (m,
8H), 2.24 (br s, 3H, BMe), 0.98 (s, 6H, C(CD3)2Me), 0.77 (s, 3H, ZrMe); 13C NMR (toluene-
d8, -30 -C) 6 150.24, 147.16, 141.5 (m, C6F5 ), 139.5 (m, C6F5), 137.77, 135.8 (m, C6F5 ),
123.54, 59.20, 50.90 (s, ZrMe), 29.5 (br m, tBu, B-Me); 19F NMR (C6D 6 ) 6 -133.14 (d, 6F,
FO), -159.35 (br s, 3F, FP), -164.27 (t, 6F, Fm). A correct elemental analysis was not obtained.
The result corresponded to 1 equiv of pentane. According to IH NMR 0.5 equiv of pentane were
present.
[(tBu-NON)ZrMe(PhNMe 2 )][B(C 6 F5 )4] (28a). Solid (tBu-NON)ZrMe 2 (16a)
(-8 mg, 18 tmol) was added to a suspension of [PhNMe 2 H][B(C 6F5 )4] (15 mg, 18 gmol) in
C6D5Br (1 mL) at -35 'C and the mixture was stirred for 30 min at room temperature. 1H NMR
(C6D5Br) 6 6.94-6.50 (m, 13H), 2.74 (s, 6H, PhNMe2), 1.17 (s, 6H, C(CD3 )2Me), 0.95 (s, 3H,
ZrMe)
[(tBu-NON)ZrMe][B(C 6 F5 )4 ] (28b). A solution of [Ph 3C][B(C 6F5 )4] (-20 mg, 22
mmol) in C6D 5Br (0.5 mL) was added to a solution of (tBu-NON)ZrMe 2 (16a) (-10 mg, 22
mmol) in C6D 5Br (0.5 mL) at -35 'C. The solution was transferred into an NMR tube and a room
temperature 1H NMR spectrum was taken. 1H NMR (C6D5Br) 6 7.12 - 6.71 (m, 23H), 2.01 (s,
3H, Ph3CMe), 1.15 (s, 6H, C(CD3)2Me), 0.72 (br s, 3H, ZrMe).
Mechanistic Investigations. In a typical experiment a solution of zirconium dialkyl
complex (25 pmol) in C6D5Br (0.5 mL) was added to a solution of [Ph3C][B(C 6F5)4] (25 gmol)
in C6D 5Br (0.5 mL) inside a glovebox using solutions that had been cooled to approximately -35
'C in the glovebox refrigerator. The solution was allowed to mix and then without further cooling
the required amount of base or olefin was added. The solution was transferred into an NMR tube,
which was capped, placed in a beaker filled with ice, and transported to the NMR instrument.
Ethylene polymerizations (Table 3.1). A stock solution of B(C 6F5 )3 (51 mg, 100
pmol) in toluene (5 mL) was added to (tBu-NON)ZrMe 2 (16a) (44 mg, 100 gmol) dissolved in
toluene (5 mL) at -35 'C. The color changed to bright yellow. The reaction mixture was allowed
to warm to room temperature. Aliquots were used for polymerization reactions. A solution of
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[(tBu-NON)ZrMe][MeB(C 6F5 )3] (27) in toluene (2 mL, 20 .mol) was added to toluene (50 mL)
and the solution was stirred vigorously under 1 atm of ethylene. White polyethylene began to
precipitate. After 2 min the reaction was stopped by addition of methanol (5 mL). All solvents
were removed in vacuo and the polyethylene was washed with methanol and dried; yield 69 mg.
Ethylene polymerizations (Table 3.1). A stock solution of (tBu-NON)ZrMe 2 (16a)
(44 mg, 100 gmol) in chlorobenzene (5 mL) was added to [PhNMe 2H][B(C 6F 5)4 ] (80 mg, 100
gmol) dissolved in chlorobenzene (5 mL) at -35 'C. The solution was allowed to warm to room
temperature and stirred for 30 min. Aliquots were employed for polymerization reactions. A
solution of { [NON]ZrMe(PhNMe 2)]} [B(C 6F5)4] (28a) in chlorobenzene (2 mL, 20 gmol) was
added to chlorobenzene (50 mL) and the mixture was stirred vigorously under 1 atm of ethylene.
The reaction mixture became increasingly viscous as polyethylene formed and precipitated. After
two min the reaction was stopped by addition of methanol (3 mL). The volume of the mixture was
reduced in vacuo and the polyethylene was precipitated by adding a large excess of methanol. The
polymer was filtered off and dried in vacuo.
1-Hexene polymerizations (Table 3.2). In a typical experiment varying amounts of
hexene (0.3-3.0 mL) were added to a solution of [(tBu-NON)ZrMe(PhNMe 2)][B(C 6F5)4] (28a)
[-50 gmol of [PhNMe 2 H][B(C 6F 5 )4] and -1.1 equiv of (tBu-NON)ZrMe 2 (16a)] in
chlorobenzene at 0 'C. The carefully weighed, limiting reagent was the "activator,"
[PhNMe 2H][B(C 6F5)4]. It is assumed that the amount of catalyst formed is equal to the amount of
activator when it is added to a 10% excess of 16a in chlorobenzene. The total volume of the
reaction mixture was always 13.0 mL The reaction mixture was stirred for 1 - 2 h and quenched
by addition of HCl in diethyl ether (4 mL, 1.0 M). Most solvent was removed at 15 Torr (water
aspirator) at 45'C). The viscous oil was dried at 100 mTorr at 50 - 60 'C for 20 hours. Molecular
weight data are shown in Table 3.2. The yields were essentially quantitative (97-100%). Catalyst
residues and decomposition products were neglected. The molecular weights and polydispersities
were measured by light scattering.
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High molecular weight poly(1-hexene) polymerizations (Table 3.3). Similar
to conditions used for Table 3.2, except: The volume of chlorobenzene was always 9.0 mL. The
polymer was dried at up to 100 *C at 150 mTorr. The yields were essentially quantitative (95-
100%). Runs at -10 'C were performed using a thermo-coupler controlled cryostat.
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Appendix I
Synthesis of a Tungsten Complex Containing a Tetradentate Triamido Amine Ligand
Introduction
Trianionic amido amine ligands of the type [(TMSN-CH 2CH 2)3N] 3- [(N 3N) 3-, TREN] have been
received increased attention as ancillary ligands in early transition metal chemistry. It is believed
that the unique frontier orbital arrangement consisting of one s-type (dz2) and two degenerate p-
type (dyz and dxz) orbitals encourages the formation of metal-ligand multiple bonds. 94
However, in some cases decomposition of the ligand has been observed. For example,
(N3N)TaMe2 was shown to cleanly decompose via activation of the ligand (eq 1).95 The cleavage
of the N-CH 2 bond is proposed to occur via a f-hydrogen abstraction mechanism. A ligand
system based on a more rigid and robust phenylene backbone might prevent ligand degradation
processes such as the one outlined in eq 1. The synthesis of transition metal complexes containing
ligands of the type [(2-RN-C 6H4 )3]3- [(R = TMS, TES)] was therefore attempted. Results of
these studies are presented in this Appendix.
TMS\ Me Me TMS Me
Ta N Ta N()
TMSM TMS,
N NN
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Results and Discussion
Al. 1 Ligand Synthesis
The reaction sequence leading to the desired ligands is shown in Scheme A1. The
synthesis of 2,2',2"-trinitrotriphenylamine from 2-nitroaniline and 2-fluoronitrobenzene has been
reported in the literature. 9 6 The isolated yields are low (up to 40%) but the product can be
synthesized on a large enough scale in order to be suitable as a ligand precursor. Hydrogenation
catalyzed by Pd on charcoal affords 2,2',2"-triaminotriphenylamine (Al) in -75% yield.
F NH 2
NO 2 NO 2
1) BuLi
2) R3SiCl
K2 CO3
DMSO
SiR 3
NH
3
NO2
3N
H 2, Pd/ C_
ethanol
NH,
AN
Al
SiR 3
BuLi NLi
3N
R = Me: H3(TMS-PHTREN) A2a, Li3(TMS-PHTREN) A3a
R = Et: H3(TES-PHTREN) A2b, Li3(TES-PHTREN) A3b
Scheme Al. Synthesis of PHTREN ligands.
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Addition of three equiv of BuLi to a THF solution of Al generates the trilithiosalt.
Quenching with three equiv of TMSC or TESCI produces the silylated ligands (2-TMSNH-
C6 H4 )3N [H 3(TMS-PHTREN) A2a] and (2-TESNH-C 6 H4)3N [H 3(TES-PHTREN) A2b]. A2a
was isolated in -55% yield. The isolation of A2b is difficult due to its high solubility in common
organic solvents such as pentane or ether. Therefore, A2b is better prepared in situ and converted
to the trilithiosalt Li3(TES-PHTREN) (A3b), which was isolated as a colorless crystalline solid in
-70% yield. Li3(TMS-PHTREN) (A3a) was also prepared by addition of three equiv of BuLi to
A2a and used in situ.
AI.2 Synthesis of a Tungsten Alkylidyne Complex
The reaction of A3a,b with transition metal halides such as TaCl 5 , MoCl 4 (thf)2 and
WCL4(dme) lead to intractable mixtures of unidentified products. However, upon reaction of 3a
with TaBr 3(CHCMe 3)(thf) 2 the neopentylidene complex (TMS-PHTREN)TaCHCMe 3 was
obtained. However clean isolation and complete characterization of the neopentylidene complex
proved difficult due to its low solubility.
Reaction of the more soluble ligand A3b with WCl 3(CCMe 3)(dme) produced (TES-
PHTREN)WCCMe 3 (A4) in good yield (eq 2). The 1H NMR spectrum of A4 in C6D6 shows a
sharp singlet at 5 = 1.56 which was assigned to the t-butyl groups. In addition, the resonances of
the triethyl silyl groups are found as two multiplets between 6 - 1.30 - 1.16 and d ~ 0.94 - 0.79.
The ratio of these two multiplets is 1:4 which suggests that the triethyl silyl CH 2 protons are
chemically inequivalent. Hindered rotation of the triethyl silyl groups because of steric crowding is
unlikely because in this case the t-butyl group of the neopentylidyne ligand would be effected as
well. It is therefore believed that the phenyl groups are "locked" in a propeller-like fashion. As a
result, A4 is chiral, that is C3 symmetric, in solution.
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Et3 Si\ C SiEt 3
Li3(TES-PHTREN) + WCl3(CCMe3)(dme) - Et 3S- N IIW N
N
A3b (TES-PHTREN)WCCMe 3 A4
The X-ray structure of A4 is shown in Fig. Al. In the solid state A4 is trigonal
bipyramidal with the neopentylidyne group trans to the donor nitrogen atom [C(1)-W-N(4):
179.50] and the amide nitrogen atoms in the equatorial plane. The W-C(l) bond is short [1.799(8)
A] as expected for a tungsten carbon triple bond. The phenyl groups are significantly bent out of
the Naxial-W-Nequatorial plane (Naxial-W-Nequatorial-Cipso ~ 31 - 320, determined from a Chem3D
representation). As a result, the triethyl silyl groups are tilted and A4 is C3 symmetric.
Conclusions
A stable tungsten neopentylidyne complex, (TES-PHTREN)WCCMe 3, was prepared and
structurally characterized. Although a general entry into group 5 and 6 chemistry based on the
PHTREN ligand has not been found it appears that in general complexes containing the PHTREN
ligand framework can be expected to be stable.
The presence of three phenyl groups in the ligand backbone dramatically decreases the
solubility of the PHTREN metal complexes compared to their counterparts with saturated ethylene
backbones. As a consequence substituents on the amide nitrogen atoms such as the triethyl silyl
group must be chosen.
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C(4) C(5) (3)
C(2)
C(13) C(16)
C(31) C 0(15) 3
6 - (6) CC() 
24 C(21) C2 (5
Si(3) C(33) ( )Si(2)
(3) N(2) C(102)
C(32) C(302) ((1 ) C(14) C(1) 179.5 (23)
C(306) ) C(106) C(103) 13.2(2
C(3 ) C(303) C(206) C(202
C(104)
C(304) C(305) C(105)
C(205) C(203)
C(204)
Bond Lengths ()Bond Angles()
W-C(1) 1.799(8) W-C(l)-C(2) 179.4(6)
C(l)-C(2) 1.518(11) N(4)-W-C(l) 179.5(2)
W-N(4) 2.378(6) N(l)-W-N(2) 113.2(2)
W-N(I) 2.013(5) W-N(2)-Si(2) 125.1(4)
Figure Al. ORTEP diagram (35% probability level) of (TES-PHTREN)WCCMe3 (A4),
selected bond lengths and angles.
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Experimental Section
General procedures. 2-Fluoronitrobenzene and 2-nitroaniline were used as received.
WCl3 (CCMe3)(dme) was prepared according to a literature procedure.97 All other techniques are
similar to those described in the experimental sections of chapter 1-3.
(2-NO 2 -C6H5 )3 N. This is a modified literature procedure. 9 6 A 11 one-neck flask was
charged with 2-nitroaniline (20.0 g, 145 mmol), 2-fluoronitrobenzene (61.6 g, 437 mmol),
K2C0 3 (120 g, 865 mmol) and fresh DMSO (300 mL). The mixture was stirred at 140 'C under
an atmosphere of dinitrogen. After 40 h the mixture was allowed to cool to room temperature and
poured onto ice/ water (~11). Initially a brown sludge precipitated. Vigorous stirring for 3 h
produced an orange/ brown powder which was filtered off and dried in air. The solid which
consists mainly of the desired product and (2-NO2-C6H5)2 NH was dissolved in boiling acetone
(600 mL). The dark solution was concentrated to -350 mL and then slowly cooled to room
temperature. 18.3 g of yellow orange crystals formed. A second crop of 1.4 g was isolated after a
few days; total yield 19.7 g (36%). Alternatively, the byproduct may be removed by washing the
crude product with acetone. 1H (CDCl 3) 8 7.84 (d, 3H), 7.54 (t, 3H), 7.30 (t, 3H), 7.22 (d,
3H). 13C (CDCl 3) 6 144.1, 138.9, 134.1, 128.6, 126.5, 126.2. Mp 218 - 219 0 C.
(2-NH 2 -C6H5 )3N. A Fisher-Porter-Bottle was charged with (2-N0 2-C6 H5)3N (12.82
g, 33.7 mmol) and ethanol (100%, 100 mL). The reaction vessel was sparged with dinitrogen and
then Pd/ C (250 mg, 10% Pd) was added (CAUTION: ethanol vapors may ignite upon contact
with activated Pd in air). The suspension was stirred at 72 'C under H2 (35 psi). After 30 h the
mixture was allowed to cool to room temperature and transferred into a round bottom flask. The
initially colorless supernatant rapidly turned purple in air. All volatile components were removed
in vacuo. The dark solid was extracted with boiling acetone (250 mL) for 10 min. The hot
mixture was filtered through Celite and the dark purple filtrate was concentrated to -100 mL. A tan
solid began to precipitate. The mixture was stored at -10 'C overnight. A tan solid was isolated in
two crops and washed with little acetone and liberally with hexanes. High vacuum was applied for
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several days in order to remove traces of acetone; total yield 7.43 g (76%). An analytically pure
sample was obtained by repeated recrystallization from acetone. The product slowly turns purple
in air and is therefore best stored under dinitrogen. For reaction scales larger than described here a
work-up protocol under dinitrogen or argon is recommended. 1H NMR (CDCl 3,) 5 7.00 (t, 3H),
6.92 (d, 3H), 6.71 (m, 6H), 3.70 (s, 6H, NH 2). 13 C NMR (CDCl 3) 8 141.6, 132.7, 125.9,
125.8, 119.0, 116.6. Anal. Calcd for C18H18N 4 : C, 74.46; H, 6.25; N, 19.30. Found: C,
74.53; H, 6.32; N, 19.60. HRMS (EI) Calcd for C18H18N4 : 290.15315. Found: 290.15316.
(2-NHSiMe 3 -C 6 H 4 )3 N [H 3 (TMS-PHTREN), A2a]. A solution of BuLi in
hexanes (13.0 mL, 2.5 M) was added to a suspension of (2-NH 2-C6H5)3N (3.00 g, 10.33 mmol)
in THF (40 mL) at -25 'C. The reaction mixture was allowed to warm to room temperature and
stirred for 5 h. To the resulting solution TMSC (3.93 g, 36.22 mmol) was added at -25 'C. The
mixture was allowed to warm to room temperature and stirred for 20 min and then allowed to stand
for 15 h. All volatile components were removed in vacuo. The residue was extracted with diethyl
ether (60 mL) for 1 h. After filtering the solution was concentrated to -20 mL and stored at -25 'C
overnight. An off-white solid was isolated in two crops; total yield 2.94 g (56%). 1H NMR
(C6D 6, rt, 300 MHz) 6 6.95 (m, 6H), 6.85 (d, 3H), 6.59 (t, 3H), 3.81 (s, 3H, NHSiMe 3), 0.08
(s, 27H, SiMe3). 13C NMR (C6D 6, rt, 75.4 MHz) 6 143.0, 134.9, 126.3, 126.2, 118.7, 116.6,
0.3 (SiMe3). Anal. Calcd for C27H42N4 Si 3 : C, 63.97; H, 8.35; N, 11.05. Found: C, 63.86; H,
8.41; N, 10.91.
(2-LiNSiEt 3 -C 6 H4 )3 N [Li3 (TES-PHTREN), A3b]. A solution of BuLi in
hexanes (13.0 mL, 2.5 M) was added to a suspension of (2-NH 2-C6H5)3N (3.00 g, 10.33 mmol)
in THF (40 mL) at -25 'C. The reaction mixture was allowed to warm to room temperature and
stirred for 5 h. To the resulting solution TESCI (4.90 g, 32.51 mmol) was added at -25 'C. The
mixture was allowed to warm to room temperature and stirred for 20 min and then allowed to stand
for 19 h. All volatile components were removed in vacuo. The residue was extracted with pentane
(40 mL) for 60 min. The mixture was filtered through Celite and the filter cake was rinsed with
pentane (20 mL). To the filtrate a solution of BuLi in hexanes (13.0 mL, 2.5 M) was added at -25
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'C. The solution was allowed to warm to room temperature and stirred. After 10 h the light
orange solution was concentrated to -10 mL and stored at -25 'C. In two crops white
microcrystalline solid was isolated; yield 4.84 g (72%). 1H NMR (C6D6) 6 7.10 (d, 3H), 7.05 (d,
3H), 6.96 (t, 3H), 6.52 (t, 3), 0.87 (t, 27H, SiCH2CH3), 0.66 (m, 18H, SiCH2CH 3). 13C NMR
(C6D6 ) 6 150.7, 136.3, 130.0, 123.9, 117.3 (only 5 aromatic resonances were observed), 8.2,
6.7. Anal. Calcd for C36H 57Li3N4 Si 3 : C, 66.42; H, 8.83; N, 8.61. Found: C, 66.47; H, 8.90;
N, 8.69.
(TES-PHTREN)WCCMe 3 - (A4) A cold solution of Li3(TES-PHTREN) (A3b) (158
mg, 243 gmol) in toluene (4 mL) was added to a solution of WCl3(CCMe3 )(dme) (109 mg, 242
gmol) in toluene (4 mL) at -35 'C. Within a few minutes the solution turned dark green and a solid
formed. The reaction mixture was allowed to warm to room temperature and stirred for 1 h. The
reaction mixture was filtered through Celite and all volatile components were then removed in
vacuo. The brown residue was slurried in pentane (3 mL). A bright yellow powder was filtered
off and dried in vacuo; yield 130 mg (6 1%). Recrystallization at -35 'C from a toluene solution
layered with ether produced orange X-ray quality crystals. 1H NMR (C6D6) 6 7.03 (d, 3H), 6.88
(m, 6H), 6.57 (t, 3H), 1.56 (s, 9H, WCCMe3), 1.30 - 1.16 (m, 9H, SiCHAHBCH3), 0.94 - 0.79
(m, 36H, SiCHAHBCH3). 13C NMR (C6D6) 6 321.9 (WCCMe 3 ), 153.7, 137.3, 127.9, 127.4,
122.6, 120.1, 52.0 (WCCMe3), 35.7 (WCCMe3), 7.9, 7.7. Anal. Calcd for C4 1H6 6N4Si 3W: C,
55.76; H, 7.53; N, 6.34. Found: C, 56.07; H, 7.62; N, 6.22.
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Appendix II
X-ray Crystal Structures
All X-ray structure determinations were performed by Dr. William M. Davis at the MIT Chemistry
Department X-ray Lab. A Siemens SMART/CCD area detection system with Mo-Ka radiation (X
= 0.71073 A) was used for all determinations. Cell determination, data collection and structure
solution and refinement was performed with the SMART SAINT and SHELXTL 5.0 software
packages. All non-hydrogen atoms were refined anisotropically, all hydrogen atoms were placed
in calculated positions. X-ray quality crystals of 7 were obtained from a ether solution at room
temperature. All other complexes were crystallized at low temperature (-25 'C or -35 'C) from
solvent systems specified in Tables Al - A6. Complexes 7 and 27 contained disordered
crystallization solvent (ether and pentane, respectively) which was removed during the refinement
procedure using the SQUEEZE98 routine. Crystal data, structure refinement details and atomic
coordinates are summarized in Tables A1 - A18.
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Table Al. Crystal data and structure refinement for (tBu-NON)TiMe 2 (4a),
(iPr-NON)TiiBu 2 (5), [(iPr-NON)Ti(PMe3)2]2(g-N 2) (7)
compound
identification code
crystals obtained from
formula
formula weight
crystal size (mm)
crystal system
space group
a (A)
b (A)
c (A)
c( 0)
J(0)
7(0)y(0
V (A3)
Z
density calcd. (Mg/ M3 )
R (mm-1)
F (000)
T (K)
0 range ((o scans)
reflections collected
independent reflections
data/ restr./ parameters
goodness-of-fit on F2
RI/ wR2 [I>2cy(I)]
R1/ wR2 (all data)
extinction coefficient
max/ min peaks (e/ A3)
4a
96078
ether/ pentane
C2 2H3 2N2OTi
388.40
0.34x0.34x0.20
monoclinic
P21/c
14.376(4)
9.160(4)
16.456(7)
90
102.04(3)
90
2119.4(14)
4
1.217
0.416
832
158(2)
1.45 to 23.260
3857
2632
2632/ 0/ 236
1.182
0.0682/ 0.1482
0.0886/ 0.1688
0.0113(13)
0.463/ -0.369
5
98108
pentane
C26H4ON 2OTi
444.50
0.18x0.12x0.08
triclinic
p!
9.14700(10)
10.0436(3)
14.2372(4)
79.552(2)
88.5520(10)
77.869(2)
1257.43(5)
2
1.174
0.359
480
183(2)
1.45 to 23.240
5146
3527
3524/0/290
1.063
0.0561/ 0.1408
0.0832/ 0.1846
0.008(3)
0.332/ -0.345
7
98116
ether
C48 H8 0N6 0 2P4Ti2
992.86
0.23x0.16x0. 12
orthorhombic
Pbcn
22.2673(7)
13.6674(5)
19.6101(6)
90
90
90
5968.1(3)
4
1.105
0.412
2120
183(2)
1.75 to 20.000
16332
2785
2781/0/281
1.125
0.0598/ 0.1690
0.0660/ 0.1829
0.0036(6)
0.499/ -0.357
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Table A2. Crystal data and structure refinement for ('PrN-C6H 4)('PrN-C 6 H40)Ti(dmpe) (8),
(iPr-NON)Ti(CHCMe 3)(PMe 3)2 (9), (tBu-NON)ZrCl 2 (11a)
compound
identification code
crystals obtained from
formula
formula weight
crystal size (mm)
crystal system
space group
a (A)
b (A)
c (A)
a3 (0)
( (0)
Y(O)
V ( 3)
Z
density calcd. (Mg/ m3)
p (mm-i)
F (000)
T (K)
0 range (o scans)
reflections collected
independent reflections
data/ restr./ parameters
goodness-of-fit on F2
Ri/ wR2 [I>2a(I)]
R1/ wR2 (all data)
extinction coefficient
max/ min peaks (e/ A3)
8
98169
toluene/ pentane
C 24 H 3 8N 2 OP 2 Ti
480.40
0.32x0.28x0.25
monoclinic
C2/c
36.7261(13)
10.3024(4)
14.7015(5)
90
109.88
90
5231.2(3)
8
1.220
0.467
2048
190(2)
2.06 to 23.25'
10398
3754
3748/0/ 272
1.046
0.0443/ 0.1060
0.0594/ 0.1213
0.00003(8)
0.420/ -0.264
9
98162
toluene/ pentane
C29H50N2OP2Ti
552.55
0.38x0. 12x0. 12
monoclinic
P21/c
16.3753(8)
17.2240(9)
11.5092(6)
90
96.9710(10)
90
3222.2(3)
4
1.139
0.387
1192
193(2)
1.25 to 23.260
12888
4613
4603/0/344
0.900
0.0521/ 0.1374
0.0786/ 0.1762
0.0089(12)
0.350/ -0.355
11a
97142
ether
C 2 oH 2 6 Cl2 N 2 OZr
472.55
0.lOxO.lOxO.04
monoclinic
P21/c
10.109(3)
17.174(4)
12.132(4)
90
97.893(13)
90
2086.5(10)
4
1.504
0.794
968
183(2)
2.03 to 23.260
8385
2984
2980/ 0/236
1.243
0.0446/ 0.0864
0.0567/ 0.0945
0.0013(3)
0.379/ -0.396
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Table A3. Crystal data and structure refinement for (tBu-NON)ZrMe 2 x0.5tol
(16axO.5tol), (iPr-NON)ZrMe2 (16b), (tBu-NON)Zr(rj2-C 2 H4)(PMe 3)2 (24)
compound
identification code
crystals obtained from
formula
formula weight
crystal size (mm)
crystal system
space group
a (A)
b (A)
c (A)
0C (0)
P (0)
Y(O)
V (A3)
Z
density calcd. (Mg/ M3)
g (mm-i)
F (000)
T (K)
6 range (o scans)
reflections collected
independent reflections
data/ restraints/ parameters
goodness-of-fit on F2
R1/ wR2 [I>2cy(I)]
RI/ wR2 (all data)
extinction coefficient
max/ min peaks (e/ A3)
16axO.5tol
98184
toluene
C25 .5H36N2OZr
477.78
0.32x0.18x0.03
triclinic
pi
9.135(3)
12.244(4)
12.529(6)
118.55(3)
90.55(2)
91.67(2)
1230.0(7)
2
1.290
0.465
502
185(2)
1.85 to 23.25'
5113
3467
3466/0/281
0.999
0.0445/ 0.1125
0.0595/ 0.1331
0.0009(14)
0.485/ -0.503
16b
98051
pentane
C20H28N2OZr
403.66
0.38x0. 12x0. 12
orthorhombic
P212121
8.415(2)
13.889(3)
16.544(4)
90
90
90
1933.6(8)
4
1.387
0.577
840
183(2)
1.91 to 23.260
7753
2771
2771/0/218
1.164
0.0323/ 0.0655
0.0363/ 0.0667
0.0027(5)
0.409/ -0.533
24
97088
ether
C28 H48N2 OP2 Zr
581.84
0.23x0. 15x0. 12
orthorhombic
Pbca
15.85260(10)
19.3138(3)
19.52380(10)
90
90
90
5977.68(10)
8
1.293
0.497
2464
183(2)
1.96 to 23.270
22901
4278
4277/0/308
1.048
0.0296/ 0.0675
0.0340/ 0.0698
0.00075(11)
0.303/ -0.285
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Table A4. Crystal data and structure refinement for ('Pr-NON)ZriBu 2(PMe3) (25),
(iPr-NON)Zr(j2-CH 2CMe 2)(PMe3)2 (26) and
[(tBu-NON)ZrMe] [MeB(C6F5)4] (27)
compound
identification code
crystals obtained from
formula
formula weight
crystal size (mm)
crystal system
space group
a (A)
b (A)
c (A)
~(0)
(0)
Y(O)
V (A3)
Z
density calcd. (Mg/ m3)
pt (mm- 1)
F (000)
T (K)
0 range (Co scans)
reflections collected
independent reflections
data/ restraints/ parameters
goodness-of-fit on F2
RI/ wR2 [I>2Y(I)]
R1/ wR2 (all data)
extinction coefficient
max/ min peaks (e/ Ak3)
25
98159
pentane
C29H49N2OPZr
563.89
0.38x0.25x0.22
triclinic
Pi
9.8443(2)
9.91370(10)
16.40460(10)
90.0120(10)
97.0780(10)
101.6160(10)
1555.73(4)
2
1.204
0.426
600
293(2)
1.25 to 23.24'
6414
4354
4350/0/ 308
1.010
0.0409/ 0.1097
0.0529/ 0.1345
0.008(2)
0.385/ -0.614
26
98174
toluene/ pentane/ PMe3
C28H4gN 2OP 2Zr
581.84
0.32x0.08x0.08
monoclinic
P21/n
10.5432(3)
21.6042(5)
13.2855(2)
90
93.5560(10)
90
3020.31(12)
4
1.280
0.492
1232
183(2)
1.80 to 20.00'
8975
2815
2622/0/ 308
1.047
0.0409/ 0.0787
0.0658/ 0.1120
0.0007(2)
0.453/ -0.343
27
96140
pentane
C40H32BF 15N2OZr
943.71
0.33x0.29x0.22
triclinic
Pi
11.747(5)
12.321(5)
16.829(8)
100.21(3)
98.22(3)
108.06(3)
2228(2)
2
1.407
0.341
948
153(2)
1.26 to 20.00"
4425
3722
3709/ 0/ 536
1.068
0.0890/ 0.1857
0.1077/ 0.2136
0.0006(4)
0.817/ -0.535
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Table A5. Crystal data and structure refinement for (TES-PHTREN)WCCMe 3 (A4)
compound
identification code
crystals obtained from
formula
formula weight
crystal size (mm)
crystal system
space group
a(A)
b (A)
c (A)
a3 (0)
Py(0)
Y(O)
V (A3)
Z
density calcd. (Mg/ m3)
p (mm- 1)
F (000)
T (K)
0 range (co scans)
reflections collected
independent reflections
data/ restr./ parameters
goodness-of-fit on F 2
RI/ wR2 [I>27(I)]
RI/ wR2 (all data)
extinction coefficient
max/ min peaks (e/ A3)
A 4
96123
toluene/ ether
C4 1H66N4Si 3W
883.10
0.20x0.20x0.20
triclinic
Pi
11.239(3)
11.560(4)
19.410(5)
79.09(2)
81.88(2)
62.46(2)
2191.4(11)
2
1.338
2.749
912
298(2)
2.01 to 23.25'
8059
5301
5301/ 0/443
1.240
0.0394/ 0.0926
0.0425/ 0.0944
0.0047(3)
0.907/ -0.674
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Table A6. Atomic coordinates (x104 ) and equivalent isotropic displacement parameters (A2 x103)
for (tBu-NON)TiMe2 (4a)
atom x y z U(eq)
Ti (1) 7036(1) 2111(1) 4530(1) 22(1)
0 8354(3) 511(4) 5032(2) 26(1)
N(1) 8040 (3) 2705 (5) 3971 (3) 25 (1)
N(2) 6572 (3) 153 (5) 4248 (3) 23 (1)
C (1) 7283 (5) 2603 (6) 5801 (4) 36 (2)
C (2) 5841 (4) 3499 (7) 4175 (4) 37 (2)
C(l1) 8535 (4) 1490(6) 3742 (3) 23(1)
C(12) 8684(4) 304(6) 4289(3) 24(1)
C (13) 9174 (4) -934 (6) 4160 (4) 31(2)
C(14) 9328(4) 72(7) 2853(4) 40(2)
C (14) 9499 (4) -1053 (7) 3427 (4) 41(2)
C(16) 8853(4) 1327(6) 3005(4) 32(2)
C (17) 8346(4) 4218(6) 3816(3) 27(1)
C(18) 7881(5) 4758(7) 2950(4) 44(2)
C(19) 9433 (4) 4292 (6) 3946 (4) 38 (2)
C(21) 6926 (4) -874(6) 4880 (3) 22(1)
C (22) 6427(4) -1994(6) 5174(4) 28(1)
C (23) 6862 (5) -2866 (6) 5828 (4) 34 (2)
C (24) 7795 (5) -2652 (6) 6224 (4) 37 (2)
C (25) 8307 (4) -1539 (6) 5951 (4) 30 (2)
C (26) 7873 (4) -694 (5) 5293 (3) 24 (1)
C (27) 5964 (4) -377 (6) 3443 (4) 28 (1)
C (28) 4915 (4) -470 (7) 3503 (4) 39 (2)
C(29) 6074(4) 719(7) 2772(4) 37(2)
C (110) 8050(4) 5202(6) 4464(4) 32(2)
C (210) 6316(5) -1862 (6) 3200(4) 38(2)
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Table A7. Atomic coordinates (x104) and equivalent isotropic displacement parameters (A2x103 )
for ('Pr-NON)Ti1Bu2 (5)
atom
Ti (1)
0
N(1)
N(2)
C (1)
C(2)
C(3)
C(4)
C(5)
C (6)
C(7)
C(8)
C(11)
C(12)
C (13)
C(14)
C(15)
C (16)
C(17)
C(18)
C(19)
C(21)
C(22)
C(23)
C (24)
C (25)
C (26)
C(27)
C (28)
C(29)
C(3')
C(8')
x y
2006 (1)
-338 (3)
1788 (4)
936 (4)
3201 (5)
2441(9)
1012(13)
3414(8)
3616(5)
3125 (8)
4450(8)
1868(14)
490(4)
232(5)
-1121 (5)
-2233 (5)
-2039 (5)
-725 (5)
3141(5)
3826(5)
2904 (6)
-595 (5)
-1486 (5)
-2999 (5)
-3648 (5)
-2808 (5)
-1350 (4)
1845 (5)
1959 (6)
1397(6)
1100 (17)
1787 (19)
4915 (1)
4887 (3)
3078 (3)
6738 (3)
5690 (4)
6247(9)
6854(13)
6960(7)
4174(4)
3588(11)
2820(8)
3253(16)
2585(4)
1240(4)
934 (5)
1935 (5)
3293 (5)
3574 (4)
2155(4)
915(5)
1744 (5)
7190 (4)
8517 (4)
8792 (5)
7772 (5)
6425 (5)
6172 (4)
7654 (4)
8944 (5)
8016(5)
5865 (21)
4115 (18)
z
2514 (1)
2540 (2)
3244 (2)
1797 (2)
3455 (3)
4293(5)
4266(8)
4801(4)
1545(3)
742 (5)
227(5)
692(9)
3188(3)
3455(3)
3223 (3)
2730 (4)
2487 (3)
2749 (3)
3741(3)
3270(4)
4815 (3)
1880 (3)
1630 (3)
1869 (4)
2366 (3)
2615 (3)
2336 (3)
1232 (3)
1645 (4)
171(3)
4742 (13)
179 (12)
U(eq)
24(1)
33 (1)
26(1)
25(1)
35(1)
93(3)
48(3)
77(2)
33(1)
117 (4)
96(3)
57(3)
26(1)
36(1)
39(1)
42(1)
36(1)
28(1)
37(1)
47(1)
49(1)
25(1)
36(1)
39(1)
40(1)
35(1)
27 (1)
35(1)
48(1)
49(1)
92 (6)
86 (5)
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Table A8. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters (A2x 103)
for [(iPr-NON)Ti(PMe3)2]2(W-N2) (7)
atom x y z U(eq)
Ti (1) 6093(1) 950(1) 2388(1) 28(1)
P (2) 6169(1) 2517(1) 1596(1) 39(1)
P (3) 6285(1) -672(1) 3112(1) 34(1)
0(1) 7080(1) 966(2) 2385(2) 35(1)
N(1) 6370(2) 1818(3) 3192(2) 32(1)
N(2) 6383 (2) 150 (3) 1521 (2) 36 (1)
N(3) 5282 (2) 956 (2) 2462 (2) 26 (1)
C(11) 7361 (2) 1223 (3) 3003 (3) 33 (1)
C(12) 7928(2) 952(4) 3188 (3) 44(2)
C (13) 8132(3) 1223(4) 3844(4) 58(2)
C(14) 7758(3) 1735(4) 4256(3) 56(2)
C (15) 7184(3) 1983(4) 4076(3) 45(1)
C (16) 6946 (2) 1713 (3) 3438 (2) 35 (1)
C (17) 5775 (2) -1713 (4) 3024 (3) 51(2)
C (18) 6345 (3) -576 (4) 4032 (3) 59 (2)
C (19) 6994 (2) -1259 (4) 2B89 (3) 51(2)
C (21) 7366 (2) 778 (3) 1760 (3) 35 (1)
C (22) 7931 (2) 1098 (4) 1595 (3) 49 (2)
C(23) 8157 (3) 914 (5) 954 (4) 71(2)
C(24) 7815 (3) 414(5) 504(4) 69(2)
C (25) 7232 (3) 100 (4) 661 (3) 54 (2)
C(26) 6969(2) 305(3) 1312(2) 36(1)
C(27) 6071 (3) 2334 (5) 682 (3) 59 (2)
C(28) 5652(2) 3525(4) 1769(3) 54(2)
C(29) 6888 (3) 3155 (4) 1623 (4) 76 (2)
C (110) 6180(3) 3518(4) 3649(4) 64(2)
C (I11) 5944(3) 2477(4) 3550(3) 48(2)
C(112) 5694(3) 2051(5) 4205(3) 70(2)
C (210) 6041 (3) -456(4) 1039(4) 65(2)
C(211) 6213(3) -1528(4) 1065(3) 66(2)
C (212) 5415 (3) -300(6) 1067 (5) 106(3)
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Table A9. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2x103)
for (iPr-C6H4)(iPr-C 6H40)Ti(dmpe) (8)
atom x y z U(eq)
Ti 1172(1) 2316(1) 138(1) 32(1)
P (1) 1838 (1) 3087 (1) 1374 (1) 46 (1)
P (2) 1018 (1) 2743 (1) 1721 (1) 38 (1)
0(1) 1304(1) 606(2) 747(2) 43(1)
N(1) 1425(1) 1540(2) -741(2) 35(1)
N(2) 629 (1) 2625 (3) -589 (2) 41(1)
C (1) 2137(1) 4263(4) 1025(4) 79(1)
C (2) 2188 (1) 1860(4) 1988 (3) 71(1)
C (3) 1735 (1) 3947 (5) 2350 (3) 68 (1)
C (4) 1462(1) 3178(5) 2715(3) 60(1)
C (5) 684 (1) 4053 (4) 1691 (3) 49 (1)
C (6) 830 (1) 1381 (4) 2218 (3) 64 (1)
C(11) 1555(1) -69(3) 459(2) 39(1)
C (12) 1738(1) -1203(3) 915(3) 46(1)
C (13) 2001(1) -1807(4) 578 (3) 54(1)
C(14) 2089(1) -1332(4) -189(3) 58(1)
C (15) 1907(1) -223(4) -655 (3) 49(1)
C (16) 1633(1) 428(3) -346(2) 35(1)
C (17) 1457(1) 1998(4) -1659(3) 47(1)
C (18) 1812(1) 2863(4) -1480(3) 74(1)
C (19) 1091(1) 2691(5) -2261(3) 72(1)
C (21) 660(1) 3979(3) -620(2) 39(1)
C (22) 370(1) 4871(4) -1078(3) 50(1)
C(23) 470(1) 6188(4) -972(3) 66(1)
C (24) 1122(1) 5671 (4) -27(3) 54(1)
C (24) 842 (1) 6588 (4) -449 (3) 58 (1)
C(26) 1052(1) 4353(3) -82(3) 46(1)
C(27) 270(1) 1929(4) -1092(3) 54(1)
C (28) -24 (1) 2080 (5) -573 (3) 68 (1)
C(29) 362(1) 504(4) -1176(4) 76(1)
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Table AlO.
(A2x103) for
atom
Ti (1)
P(1)
P (2)
0
N(1)
N(2)
C(1)
C(2)
C(3)
C(3')
C (4)
C (4')
C (5')
C (5)
C (11)
C (12)
C (13)
C(14)
C (15)
C (16)
C (17)
C (18)
C (19)
C(21)
C (22)
C(23)
C (24)
C (25)
C (26)
C (27)
C (28)
C (29)
C(101)
C (102)
C (103)
C (201)
C (202)
C (203)
Atomic coordinates (x10 4 ) and equivalent isotropic displacement
(iPr-NON)Ti(CHCMe3)(PMe3)2 (9)
x y
-2627 (1)
-1362(1)
-3686 (1)
-1723 (2)
-2336 (2)
-2387 (2)
-3425(2)
-4060 (3)
-4764(8)
-4021 (9)
-4529(7)
-4895 (10)
-3825 (17)
-3698 (13)
-1222 (2)
-452 (3)
-4 (4)
-330(5)
-1111 (4)
-1589 (3)
-2857 (4)
-2603 (5)
-3026 (4)
-2050(2)
-2052 (3)
-1746 (3)
-1437 (3)
-1393 (3)
-1680(2)
-2633 (3)
-1952 (3)
-3446 (3)
-1436 (3)
-399(3)
-1096(4)
-4613(3)
-4127 (4)
-3295 (3)
-206 (1)
-1164(1)
956 (1)
741 (2)
141 (2)
-38(2)
-996(2)
-1628 (3)
-1510(9)
-2021 (7)
-1495 (7)
-1331 (11)
-2208 (12)
-2426 (9)
850 (2)
1175 (3)
1201 (4)
917(4)
567 (3)
513 (2)
-55 (3)
-793 (4)
651 (5)
662(2)
1002 (3)
1724 (4)
2164 (3)
1860(2)
1116(2)
-601 (3)
-801 (3)
-401 (3)
-2018 (3)
-755(3)
-1617(3)
831(3)
1233 (4)
1881 (3)
z
parameters
U(eq)
-2045 (1)
-1844(1)
-2183 (1)
-1746 (2)
-3676 (3)
-252 (2)
-2282(3)
-2455 (5)
-1786(14)
-1085 (11)
-3772(11)
-2728 (18)
-3245 (23)
-2533 (17)
-2631(4)
-2458 (5)
-3406 (8)
-4452(8)
-4623 (5)
-3687 (4)
4791 (4)
-5344 (5)
-5598 (5)
140(3)
1260 (4)
1506 (6)
691 (6)
-443(5)
-657(4)
605 (3)
1589 (4)
1075 (4)
-927 (5)
-1194(6)
-3171(5)
-3212(5)
-862 (5)
-2642 (5)
31 (1)
46(1)
47(1)
49(1)
43(1)
35(1)
44(1)
67(1)
105 (5)
102 (4)
92 (4)
122 (6)
139 (10)
105 (7)
48(1)
69 (2)
102 (3)
109(3)
81 (2)
47(1)
83 (2)
108 (2)
127 (3)
40(1)
63(1)
86 (2)
82 (2)
67(1)
44(1)
53 (1)
75 (2)
65 (1)
77 (2)
99(2)
100(2)
84(2)
89 (2)
85 (2)
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Table All. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x103) for (tBu-NON)ZrCl2 (Ila)
atom x y z U(eq)
Zr 1331 (1) 515 (1) 6310 (1) 19 (1)
C1 (1) 745(1) 553(1) 4216(1) 26(1)
C1 (2) -291(1) 1215(1) 7196(1) 37(1)
0 3193(3) -60(2) 5698(2) 20(1)
N(1) 2874 (4) 1334 (2) 6520 (3) 23 (1)
N(2) 2022(4) -317(2) 7473 (3) 22(1)
C (1) 4319(4) 231(3) 6411(4) 22(1)
C (2) 4142(4) 981(3) 6830(4) 23(1)
C (3) 5225 (5) 1267 (3) 7542 (4) 29 (1)
C (4) 6387 (5) 838 (3) 7788 (4) 34 (1)
C (5) 6529(5) 115(3) 7339(4) 33(1)
C (6) 5459 (5) -197 (3) 6638 (4) 27 (1)
C (7) 2852 (4) -849 (3) 5881 (4) 22 (1)
C (8) 2242 (4) -981 (3) 6832 (4) 20 (1)
C (9) 1800 (5) -1750 (3) 6970 (4) 31(1)
C (10) 1976 (5) -2315 (3) 6202 (4) 38 (1)
C (11) 2595 (5) -2153 (3) 5279 (5) 39 (1)
C (12) 3038(5) -1407(3) 5101(4) 30(1)
C (101) 2801 (5) 2207(3) 6364(4) 29(1)
C (102) 1549(5) 2380(3) 5546(4) 39(1)
C (103) 2683 (6) 2615 (3) 7474 (5) 52 (2)
C (104) 3992(5) 2508 (3) 5846 (5) 44(1)
C (201) 2265(5) -351(3) 8717(4) 28(1)
C (202) 3553 (5) -801 (3) 9085 (4) 36 (1)
C (203) 1071 (5) -723 (3) 9179 (4) 40 (1)
C (204) 2439 (6) 484(3) 9150 (4) 42(1)
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Table A12. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x103) for (tBu-NON)ZrMe 2x0.5to (16axO.5toluene)
atom x y z U(eq)
Zr 2645(1) 8696(1) 1580(1) 31 (1)
0 784 (3) 7036 (3) 747 (3) 29 (1)
N(1) 2996 (4) 7461 (3) 2267 (3) 31 (1)
N(2) 586 (4) 9471 (3) 1975 (3) 29 (1)
C(1) 3107(5) 7867(5) -399(4) 41(1)
C (2) 4285 (5) 10347 (4) 2317 (5) 40(1)
C(11) 529(5) 6669(4) 1642(4) 30(1)
C (12) -780 (5) 6108 (4) 1691 (4) 38 (1)
C (13) -933 (5) 5713 (5) 2565 (5) 42 (1)
C (14) 225 (5) 5897 (4) 3355 (5) 42 (1)
C (15) 1526(5) 6462(4) 3295(4) 36(1)
C(16) 1729(5) 6869(4) 2416(4) 32(1)
C (17) 4485 (5) 7175 (4) 2544 (5) 38(1)
C(18) 4905(7) 7924(6) 3894(6) 63 (2)
C(19) 4614(6) 5777(5) 2096(6) 53(1)
C(21) -412(4) 7532(4) 404(4) 29(1)
C (22) -1341 (5) 6781 (4) -550(4) 35(1)
C(23) -2458 (5) 7314 (4) -878 (4) 37 (1)
C (24) -2569(5) 8589(4) -254(4) 36(1)
C (25) -1596(5) 9338 (4) 670(4) 33 (1)
C (26) -478 (5) 8832(4) 1047(4) 30(1)
C (27) 171(5) 10594(4) 3123 (4) 33(1)
C(28) 1245(6) 10699(5) 4109(4) 46(1)
C(29) 274(6) 11782(4) 3010(5) 47(1)
C(110) 5537(5) 7554(5) 1834(6) 56(2)
C (210) -1358 (6) 10399 (5) 3505 (5) 48(1)
C (iS) -3021(10) 4141(10) 4125 (8) 98 (3)
C(2S) -4403(24) 3630(13) 3757(12) 90(6)
C (3S) -5704(9) 4124(7) 4308 (7) 78 (2)
C (4S) -7012(15) 4567(14) 4838(14) 76(4)
C (5S) -4351(14) 4607(14) 4664(12) 64(4)
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Table A13. Atomic coordinates (x10 4 ) and equivalent isotropic displacement parameters
(A2x103) for (iPr-NON)ZrMe2 (16b)
atom x y z U(eq)
Zr 1331 (1) 515 (1) 6310 (1) 19 (1)
C1 (1) 745(1) 553(1) 4216(1) 26(1)
Cl (2) -291 (1) 1215 (1) 7196 (1) 37 (1)
0 3193 (3) -60(2) 5698 (2) 20(1)
N(1) 2874(4) 1334(2) 6520(3) 23(1)
N(2) 2022(4) -317(2) 7473 (3) 22(1)
C (1) 4319(4) 231(3) 6411 (4) 22(1)
C (2) 4142(4) 981(3) 6830(4) 23(1)
C (3) 5225 (5) 1267 (3) 7542 (4) 29 (1)
C (4) 6387 (5) 838 (3) 7788 (4) 34 (1)
C (5) 6529 (5) 115(3) 7339 (4) 33(1)
C (6) 5459(5) -197(3) 6638(4) 27(1)
C (7) 2852 (4) -849 (3) 5881 (4) 22 (1)
C (8) 2242 (4) -981 (3) 6832 (4) 20 (1)
C (9) 1800(5) -1750(3) 6970(4) 31 (1)
C (10) 1976 (5) -2315 (3) 6202 (4) 38 (1)
C (11) 2595 (5) -2153 (3) 5279 (5) 39 (1)
C (12) 3038(5) -1407(3) 5101 (4) 30(1)
C (101) 2801 (5) 2207 (3) 6364 (4) 29 (1)
C (102) 1549(5) 2380(3) 5546(4) 39(1)
C (103) 2683 (6) 2615 (3) 7474 (5) 52 (2)
C (104) 3992 (5) 2508 (3) 5846 (5) 44(1)
C (201) 2265(5) -351(3) 8717(4) 28(1)
C (202) 3553 (5) -801 (3) 9085 (4) 36 (1)
C (203) 1071 (5) -723 (3) 9179 (4) 40 (1)
C(204) 2439(6) 484(3) 9150(4) 42(1)
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Table A14. Atomic coordinates (xl04) and equivalent isotropic displacement parameters
(A2x10 3) for (tBu-NON)Zr(12-C 2H4)(PMe3)2 (24)
atom x y z U(eq)
Zr (1) 2793 (1) 682 (1) 6191 (1) 22 (1)
P (1) 3846 (1) 1224(1) 5151 (1) 33 (1)
P (2) 1391(1) 404(1) 7027(1) 29(1)
0 1903(1) 1467(1) 5686(1) 34(1)
N(1) 2074 (1) 182 (1) 5325 (1) 26 (1)
N(2) 2833(1) 1713(1) 6731(1) 26(1)
C (1) 1712(2) 627(1) 4845(1) 27(1)
C (1A) 3400(2) -37(1) 6979(1) 35(1)
C (iB) 3971 (2) 27 (1) 6389 (2) 37 (1)
C (2) 1423(2) 479(2) 4176(1) 39(1)
C(3) 1154(2) 988(2) 3731(1) 44(1)
C(4) 1143(2) 1676(2) 3915(1) 44(1)
C(5) 1391(2) 1850(2) 4576(1) 38(1)
C (6) 1630(2) 1330(1) 5017(1) 29(1)
C (7) 2100(2) 2111(1) 6673(1) 24(1)
C (8) 1573(2) 1987(1) 6110(1) 26(1)
C (9) 803(2) 2295(1) 6006(1) 34(1)
C (10) 524(2) 2792(1) 6462(1) 35(1)
C (11) 1027(2) 2954(1) 7013(1) 36(1)
C (12) 1786(2) 2621(1) 7125(1) 34(1)
C (13) 3728 (2) 2148 (2) 4989 (2) 55 (1)
C (14) 3702 (2) 859 (2) 4300 (2) 58 (1)
C (15) 4991 (2) 1140 (2) 5228 (2) 59 (1)
C (21) 1195(3) -467(2) 7354(2) 67(1)
C (22) 355 (2) 589 (2) 6660 (2) 49 (1)
C (23) 1379 (2) 881 (2) 7828 (1) 42 (1)
C (31) 1993(2) -579(1) 5198(1) 30(1)
C (32) 2528 (2) -828 (2) 4589 (2) 47 (1)
C (33) 1060 (2) -793 (2) 5124 (2) 48 (1)
C (34) 2340 (2) -963 (1) 5816 (1) 41(1)
C (41) 3511(2) 1993(1) 7188(1) 31(1)
C (42) 3696(2) 2761 (1) 7056(2) 46(1)
C (43) 3335 (2) 1858 (2) 7951 (1) 46 (1)
C (44) 4330(2) 1618(2) 7016(2) 42(1)
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Table A15. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x103) for (iPr-NON)ZriBu2(PMe3) (25)
atom x y z U(eq)
Zr 12257(1) 1376(1) 2719(1) 33 (1)
P 15080(1) 3247(1) 2637(1) 47(1)
0 11693(3) 3112(3) 1866(2) 47(1)
N(1) 11804(3) 3000(3) 3397(2) 37(1)
N(2) 12350 (3) 899 (3) 1474 (2) 42 (1)
C(1) 13746(4) 192(4) 3441(2) 40(1)
C (2) 13208(4) -1248(4) 3774(3) 51(1)
C (3) 14341 (6) -2093 (5) 3875 (4) 92 (2)
C (4) 12666(5) -1148(5) 4592(3) 69(1)
C (5) 10236 (4) -94(4) 2898 (2) 42(1)
C(6) 8839(4) 327(5) 2638(3) 54(1)
C(7) 8549(5) 423(6) 1719(3) 80(2)
C (8) 7629 (5) -651 (7) 2962 (4) 95 (2)
C (10) 15088 (6) 5081 (5) 2601 (4) 94 (2)
C (11) 11186(4) 4047(4) 3067(2) 39(1)
C (12) 11059(4) 4107(4) 2205(2) 44(1)
C(13) 10305(5) 4935(4) 1759(3) 55(1)
C(14) 9727(5) 5856(4) 2187(3) 65(1)
C (15) 9913(5) 5900(4) 3022(3) 59(1)
C(16) 10613(4) 5005(4) 3463(3) 51(1)
C (17) 11983(4) 2777(4) 4287(2) 46(1)
C (18) 10627 (5) 2410(5) 4670(3) 63(1)
C (19) 13044(5) 3911(5) 4767(3) 65(1)
C (20) 15987 (5) 3008 (6) 1765 (3) 83 (2)
C (21) 12459(4) 1885(4) 875(2) 44(1)
C (22) 12146(4) 3151 (4) 1087 (2) 47(1)
C (23) 12403 (5) 4306 (5) 625 (3) 63 (1)
C (24) 12906 (6) 4207 (6) -127 (3) 79 (2)
C (25) 13116 (5) 2955 (6) -379 (3) 75 (2)
C (26) 12912 (5) 1820 (5) 103 (2) 58 (1)
C (27) 12422 (4) -558 (4) 1301 (3) 49 (1)
C(28) 13871(5) -775(5) 1156(3) 73(1)
C (29) 11268(5) -1247(5) 643(3) 62(1)
C (30) 16454 (5) 3191 (6) 3482 (3) 77 (2)
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Table A16. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x103) for (iPr-NON)Zr(l2-CH2CMe2)(PMe3)2 (26)
atom x y z U(eq)
Zr(1) 2184(1) 6022(1) 2208(1) 22(1)
P (2) 3371 (1) 6201 (1) 411 (1) 31(1)
P(3) 1189(2) 6269(1) 4074(1) 30(1)
0 2607 (3) 7094(2) 2381 (3) 29(1)
N(1) 642(4) 6576(2) 1527(3) 25(1)
N(2) 4027 (4) 6192 (2) 2961 (3) 22 (1)
C (1) 1493 (5) 5015 (3) 2470(5) 32(2)
C(2) 2185(6) 5040(3) 1556(5) 42(2)
C (3) 87 (6) 4874 (3) 2330 (5) 57 (2)
C (4) 2057(6) 4594(3) 3299(5) 55 (2)
C (11) 1569 (5) 7498 (3) 2232(4) 25(2)
C (12) 1557 (5) 8086 (3) 2609 (4) 30 (2)
C (13) 462 (6) 8441 (3) 2443 (4) 35 (2)
C (14) -580(6) 8190(3) 1918(4) 36(2)
C (15) -563 (5) 7581 (3) 1579 (4) 31(2)
C(16) 512(5) 7198(3) 1749(4) 26(2)
C(17) -283 (5) 6280 (3) 806 (4) 30 (2)
C (18) -407 (6) 6594 (3) -226 (4) 45 (2)
C(19) -1606(5) 6163(3) 1202(5) 47(2)
C(21) 3891(5) 7258(3) 2496(4) 21(1)
C(22) 4364(6) 7820(3) 2241(4) 28(2)
C (23) 5671 (6) 7922 (3) 2381 (4) 31(2)
C (24) 6443 (6) 7450 (3) 2744 (4) 35 (2)
C (25) 5946 (5) 6877 (3) 2962 (4) 29 (2)
C(26) 4634 (5) 6747 (3) 2835 (4) 23 (2)
C(27) 4671(5) 5709(3) 3589(4) 33(2)
C(28) 5189 (6) 5928 (3) 4624 (4) 52 (2)
C (29) 5662(6) 5330(3) 3049(5) 49(2)
C(31) 1744 (6) 6989 (3) 4655 (4) 44 (2)
C(32) -532 (5) 6362 (3) 4073 (5) 54 (2)
C(33) 1492 (7) 5740(3) 5136 (4) 55(2)
C(41) 3506 (6) 6985 (3) -74 (5) 55 (2)
C(42) 5023(5) 5953(3) 459(5) 59(2)
C (43) 2738 (6) 5784 (3) -698 (4) 45 (2)
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Table A17. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x 103) for [(tBu-NON)ZrMe] [MeB (C6F5)3] (27)
atom
Zr
F(32)
F(33)
F(34)
F(35)
F (36)
F(42)
F(43)
F(44)
F (45)
F(46)
F (52)
F (53)
F(54)
F (55)
F (56)
0
N(1)
N(2)
C(1)
C (2)
C(11)
C (12)
C (13)
C (14)
C (15)
C (16)
C (17)
C (18)
C (19)
C(21)
C (22)
C (23)
C (24)
C (25)
C (26)
C (27)
C (28)
C (29)
C(31)
C(32)
C (33)
C (34)
C(35)
x y
-2002 (1)
2136(6)
4403 (7)
5296 (7)
3828(7)
1566 (6)
886(7)
-589 (7)
-2839 (7)
-3547 (7)
-2038 (6)
1216 (6)
1644 (8)
1276 (8)
447 (7)
-10(7)
-3036 (7)
-3129 (9)
-2930 (8)
-563(12)
-483(12)
-4236(11)
-4257 (10)
-5387 (13)
-6428 (12)
-6374 (12)
-5249 (13)
-2800 (10)
-3497 (13)
-1451 (12)
-2855(11)
-2685 (12)
-2591 (12)
-2647 (13)
-2823(11)
-2949 (10)
-3771 (12)
-4976(12)
-3164 (15)
1718(10)
2506(12)
3690 (12)
4149 (12)
3402(12)
-1196(1)
3398(6)
3506 (7)
1847 (8)
57(7)
-87 (6)
1257 (6)
1072 (7)
1249 (7)
1693 (6)
1939 (6)
1899 (7)
3708 (8)
5707 (8)
5803 (7)
3998 (6)
-2912 (7)
-835 (9)
-2294 (8)
458(12)
-1632(11)
-2883(12)
-1775 (13)
-1710 (13)
-2708 (14)
-3790 (13)
-3881 (12)
240(11)
1066 (13)
882 (12)
-3395(12)
-4193 (13)
-5234 (15)
-5508 (15)
-4748 (14)
-3726 (12)
-2116 (12)
-3135(12)
-1816 (15)
1632(10)
2543(12)
2602 (12)
1763 (13)
894(12)
z
-2105 (1)
-3270(5)
-3381 (5)
-2941 (6)
-2396(5)
-2332 (5)
-4502 (4)
-5878 (5)
-5889 (5)
-4430 (5)
-3003 (4)
-1019 (5)
222 (6)
-51 (6)
-1618 (6)
-2867 (5)
-1825 (6)
-1351 (6)
-3245 (6)
-2515(10)
-1479(8)
-1790(8)
-1516 (8)
-1417 (9)
-1610 (9)
-1911 (9)
-2004 (9)
-660 (8)
-827(11)
-618 (8)
-3250(10)
-3887 (10)
-3753 (13)
-2986 (15)
-2353 (11)
-2501 (10)
-3895 (8)
-4212(8)
-4587 (9)
-2795(7)
-3040(8)
-3109 (9)
-2904 (9)
-2628(9)
U(eq)
24(1)
39(2)
57 (2)
65 (3)
53(2)
38(2)
38(2)
45 (2)
52 (2)
43 (2)
33 (2)
43 (2)
69 (3)
72 (3)
60 (3)
42 (2)
29 (2)
27(3)
22 (3)
29(4)
42(4)
26(3)
27 (4)
43 (4)
45 (4)
45 (4)
38(4)
27 (3)
62 (5)
41(4)
38(4)
39 (4)
62 (5)
63 (6)
46 (4)
32 (4)
39 (4)
44(4)
65 (5)
21(3)
34(4)
38(4)
43 (4)
35(4)
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Table A17 (continued). Atomic coordinates (x10 4) and equivalent isotropic displacement
parameters (A2x103) for [(tBu-NON)ZrMe][MeB(C 6F 5)3] (27)
atom
C
C
C
C
C
C
C
C
C
C
C
C
C
C
C
B
(36)
(41)
(42)
(43)
(44)
(45)(46)
(51)
(52)
(53)
(54)
(55)
(56)
(110)
(210)
x y
2220,(12)
-464(11)
-187 (13)
-952(14)
-2070 (13)
-2425 (12)
-1633 (11)
532(11)
971(11)
1232(12)
1065 (13)
621(12)
378(11)
-2991 (14)
-4077 (12)
337 (14)
850(11)
1634 (10)
1423(11)
1297(12)
1395(11)
1601 (11)
1732 (10)
2820(12)
2846(13)
3779(16)
4767(15)
4836(13)
3866(12)
-133 (14)
-1030(11)
1654(14)
z U(eq)
-2584 (8)
-3662 (9)
-4440 (10)
-5134(9)
-5186 (9)
-4440 (10)
-3715 (9)
-2021(9)
-1217(11)
-557 (12)
-682(11)
-1465 (11)
-2103 (9)
167 (9)
-3532 (8)
-2762(11)
35
24
34
37
30
29
25
30
36
49
47
44
26
53
37
39
(4)
(3)
(4)
(4)
(4)
(4)
(3)
(4)
(4)
(5)
(4)
(4)
(3)
(4)
(4)
(5)
Table A18. Atomic coordinates (x10 4) and equivalent isotropic displacement parameters
(A2x103) for (TES-PHTREN)WCCMe3 (A4)
xatom
w
Si (1)
Si(2)
Si (3)
N(1)
N(2)
N(3)
N(4)
C(1)
C (2)
C (3)
C (4)
C (5)
C (11)
C (12)
C (13)
y
2792(1)
2262 (2)
4792(2)
2181(2)
2161 (6)
3325 (6)
1616 (6)
745 (6)
4343 (8)
5660 (8)
6693 (9)
5488 (10)
6245 (9)
856 (10)
2025 (9)
3918 (9)
3311(1)
6321 (2)
1972(2)
1446(2)
5259 (5)
2292 (5)
2872 (6)
4012 (5)
2788 (7)
2345 (8)
2577 (10)
3058 (9)
862 (9)
8003 (8)
5717 (8)
6407 (9)
z
2525(1)
2739 (1)
1145(1)
3936(1)
2231 (3)
1707 (3)
3305 (3)
1991 (3)
2924(4)
3254 (4)
2703 (5)
3867 (5)
3527 (5)
2564 (5)
3688 (4)
2585 (4)
U(eq)
29(1)
43(1)
44(1)
38(1)
34(1)
34 (2)
35(1)
33 (1)
41(2)
46 (2)
68 (3)
64(3)
65(3)
66(3)
50 (2)
56 (2)
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Table A18 (continued). Atomic coordinates (x10 4) and equivalent isotropic displacement
parameters (A2x103) for (TES-PHTREN)WCCMe3 (A4)
atom x y z U(eq)
C (14) -539(11) 8115(11) 2679(6) 101(4)
C (15) 2168(12) 6479(11) 4212(5) 82(3)
C (16) 4329 (11) 6825 (12) 1849 (6) 89(4)
C (21) 6258 (10) 409 (9) 1480 (6) 77 (3)
C (22) 5122 (8) 3435 (8) 1071 (4) 52 (2)
C (23) 4505 (9) 1881 (9) 232 (4) 61(3)
C (24) 6356(23) -801(15) 1502(15) 283(18)
C (25) 6376(11) 3346(12) 621(7) 98(4)
C (26) 3367(11) 3113(11) -123(5) 81(3)
C (31) 2892 (9) 1649 (9) 4693 (4) 59 (2)
C (32) 807 (9) 956 (8) 4279 (4) 53 (2)
C (33) 3482 (9) 70 (8) 3466 (4) 53 (2)
C(34) 1936(12) 2567(12) 5196(6) 96(4)
C (35) 52(12) 818(11) 3739(6) 86(3)
C (36) 4245(11) -1247(9) 3944(6) 80(3)
C (101) 1424 (7) 5732 (6) 1620 (3) 33 (2)
C (102) 1454 (8) 6765 (7) 1119 (4) 45 (2)
C (103) 724(9) 7189(8) 532(4) 52(2)
C (104) -6 (9) 6593 (8) 405 (4) 52 (2)
C (105) -6(8) 5536(7) 881(4) 43(2)
C(106) 684(7) 5129(6) 1476(3) 30(2)
C (201) 2325 (8) 1987(7) 1554(3) 35(2)
C (202) 2572 (9) 845 (7) 1291 (4) 47 (2)
C (203) 1531 (11) 589(8) 1192(5) 56(2)
C (204) 215(10) 1416(8) 1367(4) 52(2)
C (205) -52 (9) 2553 (7) 1626 (4) 44 (2)
C (206) 970 (8) 2836 (6) 1710 (3) 31(2)
C (301) 232(7) 3762(6) 3251(3) 33(2)
C (302) -696 (8) 4142 (8) 3827 (4) 48 (2)
C (303) -2036 (8) 5047 (8) 3735 (5) 54 (2)
C (304) -2479 (8) 5594 (8) 3075 (4) 55 (2)
C (305) -1592 (8) 5278 (7) 2498 (4) 43 (2)
C(306) -257(7) 4372(7) 2581(3) 33(2)
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